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CFRPs  Carbon fiber reinforced polymer. 
K  Number of thousand fiber filaments. 
PAN  Polyacrylonitrile (precursor). 
LT  Low temperature. 
HT  High temperature. 
UHT  Ultra high temperature. 
UHM  Ultra high modulus. 
HM  High modulus. 
IM  Intermediate modulus. 
HTS  High tensile strength. 
SHT  Super high tensile. 
IFSS  Interfacial shear strength. 
UD  Unidirectional. 
wt%  Weight percentage. 
OHC  Open hole compression. 
SFFT  Single fiber fragment testing. 
SBS  Short beam shear. 
UV-ox  Ultraviolet radiation oxidation. 
CZM  Cohesive zone model. 
CSTF  Cumulative stress transfer function. 
BEM  Boundary element method. 
WND  Wagner-Naid-Datassis model. 
IDNS  Inclined double notch shear. 
DNC  Double notch compression test. 
CBT  Classical beam theory. 
micro  Microscale. 
meso  Mesoscale. 





MA  Maelic Anhydride. 
WEK  Waddoups-Eisenmann-Kaminski model. 
NASA  National Aeronautics and space association. 
ASTM  American society for testing and materials. 
CAI  Compression after impact. 
PA  Polyamide. 
PC  Polycarbonate. 
PI  Polyimide.  
PU  Polyurethane. 
PE  Polyester. 
PEEK  Polyetherether ketone. 
PEK  Poly-ether ketone. 
PMMA  Polymethyl methacralate. 
 
Chemical Compound Abbreviations 
C21H24O4 Bisphenol A diglycidyl ether (DGEBA). 
C25H30N2O4  Tetraglycidyl diaminodiphenylmethane (TGDDM). 
C2H8N2O4  Ammonium Oxalate. 
C3H7NO  Dimethyl foramide. 
C5O2H8   Polymethyl methacralate (PMMA). 
CH2CHCN  Polymerised Acrylonitrile. 
C-OH   Hydroxyl. 
C=O   Carbonyl. 
COOH   Carboxylic Acid. 
H2SO4  Sulphuric Acid.  
H3PO4  Phosphoric Acid.  
HNO3   Nitric Acid. 





NaOH    Sodium Hydroxide. 
NH4HCO3   Ammonium Bicarbonate. 
NH4HCO3   Ammonium Bicarbonate. 
NH4HCO3   Ammonium Hydrogen Carbonate. 
(NH4)2C2O4H2O  Ammonium Oxalate monohydrate. 
(NH4)2S2O8   Ammonium Peoroxydisulphate. 
NH4OH   Aqueous Ammonia. 
SO3H    Sulphonic Acid. 
SO4H   Hydrogen Sulphate. 
 
Nomenclature 
Symbol Parameter Units 
WA Work of adhesion. (J/m2) 
𝜸𝟏  Surface free energy of the liquid resin. (J/m
2) 
𝜸𝟐  Surface free energy of the solid. (J/m
2) 
𝜸𝟏𝟐  Surface free energy of the interface. (J/m
2) 
𝜽   Droplet Contact angle at the solid/liquid interface. ( ° ) 
𝜸𝑺𝑳  Solid to liquid energy. (mN/m) 
𝜸𝑺𝑽  Solid to vapor energy. (mN/m) 
𝜸𝑳𝑽  Liquid to vapor energies.  (mN/m) 
𝒍𝒄
∗  Corrected critical crack length. (m) 
𝜷  Kink band inclination angle. ( ° ) 
𝒅  Carbon fiber diameter. (m) 
𝜶  Weibull scale parameter. (N/tex) 
𝚪   Gamma function via 2-parameter Weibull distribution. - 
𝚲  Monte-Carlo non-dimensional fiber fragment length. - 
𝒍𝒂𝒗𝒆  Average single fiber fragment length. (m) 
𝒎  Weibull shape parameter. (m) 





𝑷  Applied Load. (N) 
𝒃   Specimen width. (m) 
𝒉  Specimen thickness. (m) 
𝝈  Shear stress. (N/m) 
𝑴  Bending moment of a composite. (N.m) 
𝒛  Distance of the neutral plane from initial center. (m) 
𝑰  Second moment of inertia. (m4) 
𝝉𝒙𝒚  Classical beam theory shear strength across x-y axis. (Pa) 
𝒚 Vertical deflection at failure. (m) 
𝑲𝑰𝑪  Mode I fracture toughness. (Pa√𝑚) 
𝑲𝑰𝑰𝑪  Mode II fracture toughness. (Pa√𝑚) 
𝒀  Open hole geometric shape factor derived from empirical data. - 
𝒂  Open hole crack length. (m) 
𝝈𝒂  Applied stress. (Pa) 
𝑬𝒇  Tensile modulus of carbon fibers. (Pa) 
𝑽𝒇  Fiber volume fraction of composite laminate. (%) 
𝜺𝒎  Strain of matrix. m/m 
𝒍𝒅  Debond length (m) 
𝝈𝒇 Tensile strength of carbon fibers. (Pa) 
𝝈𝒎  Tensile strength of matrix. (Pa) 
𝝉𝒇  Shear strength of carbon fibers. (Pa) 
∆𝜺  Change is strain due to post debonding friction. - 
𝑹𝒎  Sum of energy absorbed by matrix. (J) 
𝑹𝒇  Sum of energy absorbed by fiber.  (J) 
𝑹𝑻  Total energy absorbed by matrix and resin. (J) 
𝑲𝒅  Interfacial debonding component of fracture toughness. (Pa√𝑚) 
𝑲𝒅𝒇  Post debonding friction component of fracture toughness. (Pa√𝑚) 
𝑲𝝉  Stress redistribution component of fracture toughness. (Pa√𝑚) 
𝑲𝑷𝑶  Fracture toughness component related to stress redistribution. (Pa√𝑚) 
𝑲𝒔  Surface energy component of fracture toughness. (Pa√𝑚) 





𝑲𝒇𝒔  Fracture toughness component related to plastic shear of fibers. (Pa√𝑚) 
𝝈𝒄  Compressive strength of a composite. (Pa) 
𝒌  Yield stress in longitudinal shear. (Pa) 
?̅?  Kinking fiber rotation.                                                                                  (Radian) 
𝜸𝒀  Yield strain in longitudinal shear. - 
𝑮  In plane shear strength. (Pa) 
𝑭𝑷  Porosity function. - 
𝝀  Euler buckling mode. - 
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Chapter 1 - Introduction 
 
Background 
From the very beginnings of aviation it was understood that an aircraft 
should be made of light weight yet high strength materials in order to fly. 
Now with more people flying than ever before, fuel becoming more 
expensive and society becoming especially environmentally conscious, the 
need for lighter and safer aircraft has never been more desirable. 
The ‘light but strong’ requirement is where carbon fiber reinforced polymer 
composites (CFRPs) have emerged as a cornerstone of modern aerospace 
engineering. While aircraft at the beginning of the 1990’s were made of less 
than 10% carbon fiber composite parts, current aircraft such as the Boeing 
787 Dreamliner employ CFRPs in over 50% by volume in their design. The 
maxim Lighter, stronger, safer still remains as relevant as ever and CFRPs 
are instrumental in this progress. 
The advantage of CFRP materials relates to the reinforcement of carbon 
fibers which are up to 10 times stronger than steel under tensile loading 
and 5 times lighter. By binding the fibers with a polymer matrix, a light 
weight composite material with high strength and suitable ductile property 
is created. As such, carbon fiber composites are shaping aerospace, 
mechanical, civil, and automotive engineering sectors for the better. 
As will be explored throughout this thesis, the bonding between fibers and 
the matrix (known as the interface) is acutely susceptible to debonding. This 
failure mode known as ‘interfacial debonding’ is one of the most commonly 
experienced in carbon fiber epoxy composites. In the event of interfacial 
debonding, stress is unable to be effectively transferred from the ductile 
matrix to the high strength fibers, which substantially diminishes composite 
strength. 
For composite materials to continue their meteoric rise into the world of 





debonding needs to be better understood and measures employed to 
improve fiber to matrix adhesion. 
At its core, interfacial debonding is a compatibility issue between carbon 
fibers which are chemically inert at their surface and matrices that are highly 
variable in both chemical and mechanical properties. To improve interfacial 
adhesion, carbon fiber manufacturers use two fiber surface modification 
methods to improve fiber-matrix compatibility. These are electrochemical 
oxidation and sizing treatment. 
While these techniques have proved advantageous in improving baseline 
performance of composites by altering both fiber chemistry and physical 
morphology, academic consensus remains divided as to what are the 
governing mechanisms for improved matrix adhesion. The individual roles 
of surface chemistry versus mechanical interlocking is debated and 
deconvolution of each mechanism when considering fiber-to-matrix 
adhesion is a substantial challenge. Similarly, the role electrochemical 
oxidation and sizing play in the improvement of interfacial adhesion lacks 
clarity in existing literature with publications commonly being in direct 
contrast to one another. 
The aim of this thesis is to clarify understanding of interfacial adhesion by 
applying a systematic ‘bottoms-up’ approach to carbon fiber surface 
treatments and mechanical testing. Custom made pristine carbon fibers 
were manufactured and tested at the microscale, mesoscale and 
macroscale with comprehensive fiber characterisation conducted. 
Mechanical performance at varied levels was conducted and revealed that 
both electrochemical oxidization and sizing will play a significant role in 










To successfully explore the effects of surface modifications to interfacial 
adhesion at different testing scales, research was broken into four separate 
‘phases’. Details of each phase and conclusions thereof are provided in 
chapters 3 to 6. 
Phase 1: Pristine fiber manufacturing. 
A subset of 12 pristine carbon fibers were manufactured and each treated 
with an electrochemical amperage and sizing ratio combination. A testing 
matrix of 3 electrochemical amperages x 4 sizing ratios was thereby 
established investigating affects of sizing and oxidation alone, and whether 
these two treatment methods work synergistically. 
Phase 2: Fiber-matrix characterisation. 
Extensive characterisation of both fibers and epoxy matrix (RIM935/937H 
and DGEBA/DDM) properties was conducted. Fibers were characterised 
by documenting surface chemical composition, morphological changes and 
mechanical performance with respect to alterations of surface treatment. 
The two epoxy resins used were also tested for mechanical performance, 
and chemical compositing. 
Phase 3: Microscale Adhesion. 
Single fiber fragmentation testing (SFFT) was conducted to quantify 
interfacial adhesion at the microscale. The affects of electrochemical 
oxidation and sizing were then correlated to interfacial shear strength 
(IFSS) to quantify adhesion. Bonding related to surface chemistry and fiber 
topography were explored with respect to interfacial adhesion. 
Phase 4: Scale-Up. 
Interfacial adhesion of the same fibers was tested at the microscale, was 
then tested at the mesoscale and macroscale to determine if the effects of 
surface treatment are translatable to representative macroscale laminates. 







Chapter 2: This thesis begins by providing a comprehensive literature 
review of CFRPs and the current understanding of surface treatments and 
sizings. Existing research into the affects of electrochemical oxidation and 
sizing treatment is presented, as are the contradictions and gaps in 
academic understanding. This chapter highlights the requirement of 
consolidating a link between microscale, mesoscale and macroscale 
testing and laminate performance. 
Chapter 3: Presents the first academic publication of this thesis. A set of 
15 fiber types were extensively characterised for chemical, morphological 
and mechanical variations with respect to their oxidation and sizing 
conditions. IFSS of these fibers in two epoxy resin types is presented. The 
optimal conditions for improved IFSS and the governing mechanisms 
behind improved adhesion are discussed. 
Chapter 4: Is the second accepted publication of this thesis. Tow level 
testing at the mesoscale is significantly less common than microscale and 
macroscale testing. Thus the bridge between single filaments and 
laminates is missing. The first comprehensive review paper into Iosipescu 
(V-notch shear) testing in over 30 years was completed with novel insights 
into the test introduced. This chapter is an extensive analysis of the 
Iosipescu test that is used within this thesis and discusses developments 
in testing and application over the past 30 years, with a focus on composites 
materials. 
Chapter 5: Provides a comparison of IFSS results determined via 
microscale, mesoscale and macroscale testing. Research shows that 
calculated IFSS is sensitive to the test methodology utilised and the scale 
at which testing is applied. However with improved interfacial adhesion the 
discrepancy between IFSS results is decreased. The reasons for variations 






Chapter 6: This chapter is the first of its kind to attempt to correlate fiber 
surface modification directly to open hole compressive strength. Laminates 
using nine fiber types were selected for open-hole compression testing with 
results showing a link between fiber treatment conditions and mechanical 
performance. Results verify that interfacial adhesion at a microscale has an 
effect on macroscale compressive performance. 
Chapter 7: The learning outcomes and objectives of this thesis are 










































Chapter 2 - Literature Review 
 
This chapter provides a background of the current literature relevant to this 
project. Emphasis is placed on surface treatments used for interfacial 
adhesion control, the subsequent translation of IFSS across different scales 































Carbon Fiber Reinforced Polymer Composites (CFRPs) 
Within recent decades, carbon fiber reinforced polymer composites 
(CFRPs) have become an integral part of engineering and design industries 
due to their low weight and high strength [1,2]. However little is known by 
the general public as what carbon fiber laminates really are, apart from their 
great performance and their desirable aesthetic. Carbon fiber composites 
are highly nuanced with countless variables all contributing to a final 
consumer product. These products may include aircraft parts, sporting 
goods, automotive components and helmets to name a few (Figure 1). 
However to ensure this thesis has correct context, a fundamental 
knowledge of CFRP composites is required. 
A composite is a material that is made from two or more constituents that 
aims to utilize the strengths of each component to generate a hybrid 
material that is greater than the sum of its parts [3,4]. This concept is not 
new but rather has been employed by humanity for centuries dating back 
as far as ancient Egyptian households which used straw-mud bricks [5]. The 
composites used in this thesis are not so dissimilar to those bricks. 
Carbon fibers of high tensile strength are embedded into a ductile polymer 
referred to as a ‘resin’ or ‘matrix’. The brittle nature of the carbon fibers are 
complemented by the ductility of the matrix, which is comparatively poor in 
tensile strength. By working together, the shortcomings of low matrix tensile 
strength and brittleness of fibers can be mitigated. Of course this is a gross 
over-simplification of the nuances of each material constituent hence 
further exploration is required. 
 






Carbon fibers are filaments of carbon (graphitic and amorphous), usually 5-
10 μm in diameter (Figure 2), derived from carbon rich precursors  [6]. 
Dependant on the precursor and manufacturing conditions during 
conversion of a precursor to a carbon fiber, a high tensile strength material 
(between ~2.5 to 6.0 GPa) is produced. This thesis will focus on the surface 
treatment conditions applied subsequent to carbon fiber creation that are 
known to alter the strength of adhesion at the fiber-matrix interface. 
During manufacturing, fibers are arranged in bundles known as ‘tows’, 
which are grouped in collections of a thousand individual fiber threads. For 
instance, a bundle of 3000 fibers is referred to as a ‘3k’ tow in industry 
vernacular [7]. When enough tows are spooled they can be subsequently 
woven into a fabric preform. These fabrics are then used to make a 
composite part. 
For a complete understanding of the importance of this project further sub-
categorization into the carbon fiber production cycle is required. This 
process can be broken into four general areas: 
 Precursor choice. 
 Fiber Stabilization and Carbonization. 
 Surface Treatment & Sizing. 
 Weaving. 
 
       






Carbon fibers are defined as a fibrous material with >92% carbon content, 
while threads containing above 99% carbon are defined as graphite fibers 
[9]. The creation and selection of a precursor is the first stage in the carbon 
fiber lifecycle. 
The most common precursor used currently is polyacrylonitrile (PAN) which 
accounts for 90% of the global capacity of carbon fiber [10]. The remaining 
10% of carbon fibers use mesophase pitch, Rayon and an assortment of 
experimentally low cost carbon sources (e.g. lignin, cellulose, etc.) [11,12]. 
While these precursors which account for 10% of the industry are valuable 
for the future of low cost fiber production, they are not the focus of this thesis 
as they accounts for too little of the current market share. As such, only 
PAN fibers will be considered for the remainder of this thesis. 
PAN precursor is created by using initiators such as peroxides and azo 
compounds to polymerise acrylonitrile (CH2CHCN) monomers [9] consisting 
of a vinyl group attached to a nitrile group. Once the acrylonitrile has been 
polymerised, any unreacted monomers are extracted from the remaining 
solution (Figure 3). At this stage, manufacturers commonly introduce 
plasticizers such as methyl acrylate and itaconic acid into the solution to 
reduce intermolecular interactions which allows the fibers to be more 
processable. This ensures that the solution can be placed through ‘wet 
spinning’ in which fiber filaments begin to take shape. The molecular weight 
of the PAN during spinning needs to be between 70,000 to 250,000 g/mol 
to make the precursor workable [9]. 
 
Figure 3: Chemical structure of a PAN precursor.  
Wet spinning PAN fibers involves dissolving the PAN solution into a polar 
solvent (usually dimethyl formamide or DMSO), referred to as a ‘dope’, 





extruded PAN fibers then pass through several coagulation baths to ensure 
solvents diffuse away from the PAN precipitating fibers. During extrusion 
and coagulation, the mechanical properties of the PAN precursor (and 
subsequent carbon fibers) can be modified by adjusting tensioning which 
influences polymer chain alignment. Greater alignment correlates to a 
higher tensile strength due to a more orderly arrangement of graphitic 
planes within the fiber after Carbonisation. While placing fibers under high 
tension can assist in achieving greater polymer alignment, it may also 
introduce defects to the fiber surface especially during coagulation at 
elevated temperature [12,14]. Hence a careful balance between fiber 
performance and tensioning must be achieved. 
Fibers are then repeatedly washed, stretched and placed through a water 
steamer to remove remaining solvent from the precursor. What remains is 
a spool of ‘white fiber’ PAN precursor. The white fibers comprise of 
approximately 68% carbon atoms which requires further processing to 
reach the desired >92% content needed for carbon fibers [15].  
Fiber Stabilization and Carbonization 
After the precursor has been fabricated and spooled into a ‘white fiber’, it 
must go through several stages of processing (Figure 4) before it becomes 
a ‘carbon fiber’. Each stage has an important role to play in creating black 
carbon fibers that posses high strength and low weight. 
 






PAN fibers are fed through an air atmosphere oven while being tensioned 
(Figure 5). Common industry lines use four stabilisation chambers that 
provide a gradual increase in temperature [16,17]. For PAN carbon fibers, 
the temperature gradient tends to increase from approximately 230 ˚C to 
300 ˚C. The draw lengths and pass ratios of the stabilisation environment 
is variable are dependant on the oven design and fiber line. 
The importance of this stage is that initial cross linking of the fiber structure 
begins to occur and oxygen atoms are introduced to fibers [16,18]. Fibers 
undergoing stabilisation thereby become resistant to melting or burning and 
adopt their distinctive black colour (Figure 5). Although introducing oxygen 
to the fibers may seem counterintuitive to achieve the desired carbon 
content, this process is crucial. Without initial cross linking and oxidation 
the introduction of PAN fibers into the low temperature furnace would 
immediately cause the fibers to melt. Stabilisation can thereby be 
considered the preparation phase for carbonisation. 
  
Figure 5: Image of fiber colour changing as PAN fiber passess through stabilisation.  
Carbonisation 
Carbonisation involves passing fibers from the stabilisation ovens through 
a series of furnaces. As fibers are passed through these furnaces, non-
carbon atoms are expelled from the fibers. This results in the carbon atoms 
restructuring and bonding to one another to create a graphitic crystalline 
microstructure. It is this microstructure that provides fibers with their high 







Figure 6: Low temperature and high temperature furnaces used within this study. 
Two or three furnaces are typically used during carbonisation – a low 
temperature range (LT), high temperature range (HT) and ultra-high 
temperature range (UHT) furnaces in sequential order (Figure 6). It is worth 
noting that UHT furnaces are less common and specifically used for the 
fabrication of ultrahigh modulus (UHM) fibers which possess an elastic 
modulus of >450 GPa. For all other fibers, LT and HT furnace suffice. LT 
furnace temperatures range from 600˚C to 1000˚C, HT furnaces between 
1000˚C and 2500˚C and UHT furnaces between 2500˚C and 3000˚C. 
Dependant on the heating conditions of the furnaces and tensioning, fiber 
microscructure can be altered and thereby so can mechanical properties. 
This provides manufacturers the advantage of tuning processes and 
conditions to a fiber type that is suited for a given application. As such, the 
carbon fiber industry typically uses two forms of classification to refer to 
fibers. One is based on the tensile properties of fibers which refers to them 
as ultrahigh modulus (UHM), high modulus (HM), intermediate modulus 
(IM), standard modulus (SM) and super high tensile (SHT) fibers. The other 
refers to them as Type I, Type II and Type III, which denotes the furnace 
temperatures used during carbonisation. Table 1 provides a list of common 
fiber categorisations. 
Table 1: Carbon fiber categories relative to carbonisation conditions and properties. 
Fiber Class. Type Common Fibers Material Qualities 
UHM - HS40, M46J Modulus > 450 GPa 
HM Type I M40, HR40 Modulus 320 - 450 GPa 
IM Type II T800, IM9 Modulus 265 - 320 GPa 
SM Type III T300, T700, AS4 
Modulus < 265 GPa 
Tensile Strength > 3 GPa 





UHM fibers have highly organised carbon planes and are aligned in a three 
dimensional graphitic structure [19]. HM fibers have axially aligned ribbons 
and curved basal planes [20]. IM fibers are much less ordered and have a 
rough corrugated surface and HT fibers albeit smooth, on the surface, have 
poor alignment of basal planes. [20,21] 
In summary, carbonisation is responsible for the expulsion of non-carbon 
atoms from the fibers and causes carbon atoms to assemble into graphitic 
planes. By altering furnace temperature and processing tension, the fiber 
microstructure which governs mechanical properties can be influenced. 
Surface Treatment & Sizing 
Subsequent to carbonisation fibers have obtained their basic structure 
which controls mechanical performance. However at this stage the surface 
of carbon fibers is typically very non-polar and adhesion to a supporting 
polymer matrix is typically low [22,23]. Thus the suitability of these fibers for 
application in composite materials is limited. To combat poor fiber-to-matrix 
adhesion carbon fiber manufacturers use two surface treatment methods. 
The first is electrochemical oxidation and the second is a ‘sizing’ treatment, 
which utilises a proprietary mix of polymer, emulsifiers and antistatic agents 
that are deposited onto the fiber surface. These two manufacturing 
variables are the focus of this thesis. 
Electrochemical Oxidation 
Electrochemical oxidation is the process of transferring electrons to or from 
a carbon fiber surface by applying an oxidative potential across a closed 
loop circuit [24]. During carbon fiber manufacture, fibers that have 
undergone carbonization enter an electrolytic bath. Depending on the 
electrolyte and the arrangement of the anode and cathode, electron 
passage will occur between the fibers and the electrolyte. This process 
causes non-native functional groups (typically oxygen and nitrogen 
containing groups) to attach to the fiber surface that are more chemically 






Figure 7: Carbon fiber passing through an electrochemical oxidation bath. 
 
Figure 7 shows fibers passing through an electrochemical bath. The 
cathode is located on the inside of the electrolye bath and the anode outside 
[25]. Importantly many variables can be altered during electrochemical 
oxidation that influence the functional groups that may become attached to 
the surface. These include; electrolyte choice, solution conductivity, 
current/voltage applied, and treatment time. The affects of these variables 
will be discussed in more detail later in later sections of this thesis. 
It is worth noting that although this thesis only discusses electrochemical 
oxidation as a surface treatment, there are many other techniques that can 
also be used for surface treatment. Plasma oxidation uses a high electric 
potential to generate a plasma with highly reactive chemical species. While 
the plasma created is an effective oxidant, severe limitations exist when 
considering plasma oxidization. These are typically related to scale-up 
being troublesome due to the requirement of inert, unreactive atmospheres 
which makes high throughput manufacturing problematic. Additionally 
when plasma treating a bundle of carbon fibers, those on the periphery are 
oxidized while central tow fibers remain untouched [26]. For maximum 
effect, tows must be accurately spread to an extremely thin layer to ensure 
accurate homogenous oxidization. As such plasma oxidization has its 
logistical shortcomings. However, IFSS improvements using plasma 
oxidation have been found by some researchers to be potentially up to 
700% [27] while others have found reduction of up to 21% [28]. Similarly, 
ozone treatment which uses trioxygen (O3) gas to modify fibers has also 
shown 40% improvement in fracture strength to 55 MPa∙m1/2 under 





negligable in comparison to the use of the electrochemical oxidation 
process in global carbon fiber supply. As such, only electrochemical 
oxidation is considered for this study. For interested readers, refer to the 
following references on plasma oxidation [30-33], ozone treatment [29,34,35] 
and others [36-39]. 
Subsequent to electrochemical oxidation fibers are washed with deionised 
(DI) water to remove residual electrolye solution from the surface, and then 
dried before entering a sizing bath. 
Sizing 
Surface treated fibers undergo a final treatment process known as ‘sizing’. 
Fibers are submerged in a polymer solution (known as a ‘sizing’) that coats 
the outer surface of fibers [40]. The term sizing has no affiliation to the 
physical dimensions or diameter of the fibers, and simply refers to the outer 
deposited layer. Sizings commonly consist of a proprietary mix of 
constituents that are typically sold as being ‘compatible’ with a given resin 
[41]. This proprietary nature and broad classification has led to a typically 
empirically derived optimisation of sizing-resin combinations which is 
severely limited by a lack of chemical information. 
Sizing plays several roles in fiber functionality. Initially, submerging fibers 
into a sizing solution binds all singular fibers into easily handlable tow. This 
ensures that once tension on fibers is released, ‘tow fluffing’ will not occur 
which makes the spool unusable. Similarly, sizing acts to both lubricate and 
protect fibers from damage during weaving [42]. Without it fibers are unable 
to be woven by traditional methods as exessive damage to fibers and 
machinery will occur [43]. 
Undoubtably, sizing has a critical role to play in the weaving process that 
ensures composite parts can be fabricated. However, conflicting viewpoints 






Figure 8: Schematic of fibers passing through a sizing path on its path to spooling 
Some studies suggest sizing is an intermediate layer between fibers and a 
matrix that promotes adhesion [44,45]. While other research suggests that 
sizing is detrimental to interfacial bonding due to it blocking chemically 
active sites of the fiber surface [46,47] and simultaneously smoothes fibers 
thereby minimising mechanical interlocking [48]. Additional research also 
suggested sizing to play no role in interfacial adhesion whatsoever [49], 
while others suggest adhesion is a matter of fiber-sizing-matrix compatibility 
[50,51]. The role of sizing in regards to interfacial adhesion is undoubtedly 
‘murky’ and ‘inconsistent’ requiring further systematic research. In depth 
discussion of the role of sizing on interfacial adhesion is explored in later 
sections of this thesis (see Sizing Treatment). 
Once sized, excess sizing residue is removed from the fibers as the tow 
passes through two squeeze rollers, followed by spooling (Figure 8). 
Weaving 
Spooled fibers must then undergo weaving to create a manageable carbon 
fiber preform that can be used in the creation of composite parts. There are 
a large variety of ways that carbon fibers can be turned into carbon fiber 
preforms. These include woven fabrics, pre-impregnated tapes, chopped 
fibers, stitched fabrics and 3D woven fabrics to name a few (see Figure 9). 
Each of these fabric types has its own positives and negatives for part 
manufacturing with a basic overview provided for readers in Appendix E. 
 
Figure 9: Images of various carbon fiber fabric types.  





Generally speaking, carbon fiber preforms are created by using a loom of 
some type (typically a modified Jacquard loom) [52], to align fiber tows into 
a desired orientation and then either through application of binding material 
or neighbouring fiber tension, a fabric preform takes shape. This fabric can 
subsequently be stacked and used in a composite layup. 
The weaving of unsized carbon fibers for this thesis was not deemed viable 
by traditional techniques of weaving after discussion with several carbon 
fiber processors1. This was due to inevitable damage that would be caused 
to both the fiber and loom. While this limitation is not an issue for the sized 
fibers, it was considered necessary to fabricate fiber types including 
unsized fibers under the same conditions. As such, a novel processing 
technology was created to overcome this limitation which also mitigates the 
damage induced by abrasive contact [43] with rollers [53], reeds/eyelets  [54], 
tow twisting [55], and fiber misalignment [56]. 
Novel Weaving Process 
To address the aforementioned weaving issues associated with weaving of 
unsized fiber a novel fabrication procedure was developed. A previously 
manufactured in-house spooling unit was modified to act as a weaving 
robot. Figure 10 and Figure 11 show this unit which will be referred to as 
the UD winder for the remainder of this thesis. For full details on the design 
and programming, literature is available on request [57]. 
 
Figure 10: Side view of UD Winder device used for fabric weaving. 
(A – Spool and spool support; B – rollers; C – Tow spreader; D – Caul Plate) 
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Figure 11: Image of caul plate surface and control unit of the UD winder. 
(E – Control unit; F – Lithium Ion battery pack; G – Rotation axis motor; H – Lateral movement motor; I – Computer 
processing unit) 
The UD winder works by placing a spool of carbon fiber onto a freely 
rotating support (A). Fiber from this spool is fed through a series of roller 
supports (B) which maintain tension and finally through a tow spreader (C) 
that spreads the fiber tow to a constant width. The tow is then fixed to a 
‘caul plate’ (D) which is simultaneously free to rotate about its axis and 
move laterally (Figure 11). By using the control unit (E), carbon fibers are 
carefully wound and positioned to completely cover the caul plate (Figure 
12). Each 12k tow is spread to a width of 7.5 mm thereby requiring 42 
rotations to create a 320 mm wide UD fabric. 
Card paper (0.254 mm thickness) with double sided tape was then adhered 
to the edges of the caul plate to create a square frame. This frame allows 
the UD plies to be removed from the plate and handled whilst maintaining 
tension and ensuring fiber tows do not misalign and fray. By using this 
approach the manufacture of 0°, 90° and ±45° plies was achieved (Figure 
12). These plies, of various orientations, were then stacked in accordance 
to the testing sequence desired and resin infused using a vacuum assisted 
resin transfer (VARTM) procedure. Details of infusion is reported in later 





       
Figure 12: (Left) 0° or 90° fabric created. (Right) ±45° fabric created. 
Resin Matrix 
To create a high strength composite, the carbon reinforcing fibers must be 
infused with a high ductility matrix. A matrix can come in many forms such 
as thermosets, thermoplastics and elastomers (Figure 13). 
 
Figure 13: Matrix types and their common materials subsets. 
Of these matrix types, thermosets and thermoplastics are the most 
commonly used in the creation of aerospace and automotive composite 
parts. Elastomers, such as rubber, are seldom used in composites and will 
not be considered within this thesis. 
Of the remaining two matrix types, both thermosets and thermoplastics 
show great promise in the future of the aerospace industry. Currently the 
market for thermoset resins is estimated to be $41.9 Billion (USD) with an 
expected growth rate of 6.6% by 2021 [58]. Comparatively the 
thermoplastics composite market valued at $28.1 Billion (USD) with an 
expected growth rate of 8.4% to the year 2022 [59]. Clearly, both polymer 
types will play a major role in the future of aerospace engineering and 














Thermoset resins are typically two component polymers that cross-link into 
a rigid polymer of complex 3D network structures upon heating (Figure 14). 
Crosslinking mechanisms differ depending on both the monomer and 
hardener being used. Epoxy resins can be either homo-polymerised by 
using anionic or cationic catalysts [60] or, more commonly, copolymerised 
by adding a nucleophilic compound [61,62], referred to as ‘hardeners’. 
Thermosets offer a great number of desirable properties and currently 
make up a greater portion of the aerospace market. From a manufacturing 
perspective, thermosets are typically viscous, often coming in liquid form, 
making them easily handled and processed during layup. Even once 
monomer and hardener are mixed, resins often have an extended gel time 
making them ideal for part fabrication requiring extended periods of time 
and layup. Once cured, however, thermosets become very strong and 
relatively ductile compared to carbon fibers. Unfortunately, the same cross-
linked structure which provides these desirable mechanical properties also 
limits their ability to be recycled or reshaped at the end of life phase. 
Furthermore once the hardener is added, curing can not be stopped which 
can affect the shelf life of materials such as prepregs.  
 
Figure 14: Thermoset cross linking pattern. 
Thermoplastics are materials that have large polymer chains that entangle 
to create a rigid matrix (Figure 15) [63]. Thermoplastic polymers include 
nylon, polymethyl methacralate (PMMA), polycarbonate (PC) and 
polyetherether ketone (PEEK) to name a few. Thermoplastics are usually 
solid at room temperature where polymer chains are intertwined through 
van der Waals bonding forces [64,65]. Entanglement can result in both 
amorphous and semi-crystalline microstructures, neither of which is 





freely and a thermoplastic structure can be remodelled, reshaped and 
ultimately recycled. This is not possible with thermosets. The temperatures 
required to process thermoplastics and ensure they become viscous is 
usually between 150°C and 320°C [66,67], depending on the specific 
polymer. Additionally, thermoplastic resins commonly solidify extremely 
rapidly, sometimes within seconds, as opposed to the hours required for 
thermosets. Hence, while thermoplastics offer excellent suitability for 
injection moulding for mass production (especially in the automotive 
industry), they are difficult to apply at small scale or with continuous fibers 
without a large overhead cost. 
While all these are great benefits to thermoplastics, their difficulty in 
processing has restricted their use in aerospace. With their quick cooling 
time, comes challenges in large scale infusions and penetration of fiber 
tows [64,65,68]. As thermoplastics still remain underrepresented in 
comparison to thermosets and would require the development of 
specialised lay-up procedures, they were not considered viable for the 
scope of this thesis. 
 
Figure 15: Thermoplastic entanglement types. (Left) Amorphous (Right) semi-crystalline. 
The fiber-matrix interface 
With background knowledge of each constituent in a CFRP composite 
established, it is now necessary to understand how both the fibers and 
matrix interact with one another. The bonding junction between the fiber 
and matrix is known as the interface [69,70]. Importantly the terms interface 
and interphase must be defined as they are not interchangeable. The 
‘interface’ is defined as point of contact between a fiber and matrix in which 





prevalent. The ‘interphase’ is defined as the transitional region between the 
fiber and matrix in a composite for which the mechanical and chemical 
properties are not that of the neat resin nor fiber alone. As a result, the 
interface is a small region within the greater interphase Figure 16. 
Academic literature often use these terms interchangeably, however for this 
study the interface will be considered unless expressly stated otherwise. 
While the interface may only account for a tiny fraction of the overall volume 
within a composite, it plays arguably the most important role in the 
mechanical performance of a composite part [71]. Without a sufficiently 
adhered interface the stresses experienced within the ductile resin cannot 
be transferred to the high strength fibers. The fundamental advantage of 
composites is that they utilise the beneficial properties of several material 
constituents in one overarching material. But with this approach comes the 
Achilles heel that a composite will only be as strong as its weakest part with 
some studies suggesting carbon fiber composites strength is still less than 
10% of its theoretical maximum value [72]. 
 
Figure 16: The fiber-matrix interface and its separate regions. 
Fiber debonding (the separation of fiber from a matrix) and delamination 
(separation of ply layers within a composite matrix most commonly at the 
fiber-matrix interface) remains one of the primary causes of composite 
damage in civil aircraft [73,74] with some statistics having suggested 
debonding and delamination have been up to 46% of repairs needed to the 
US commercial transport fleet [75]. The concerns of delamination within the 
aerospace sector may be best highlighted by Leigh R. Sargent, the 





delamination flying around, we would be backlogged for several decades” 
[76].  
Clearly, debonding and delamination are commonly occurring damage 
mechanisms in modern composites. Due to this limitation of composites, a 
great deal of research is attempting to solve interfacial debonding. The term 
interfacial debonding refers to physical fiber-matrix separation at the 
interface [77,78]. Debonding is not necessarily interchangeable with 
delamination as delamination can refer to a broad range of separation or 
cracking events in a composite such as inter-ply matrix cracking [79,80]. 
Hence, it is important to carefully differentiate between these terms when 
considering failure mechanisms. Studies have shown that delamination and 
interface debonding can be associated, as damage in the matrix is likely to 
propagate through the fiber-matrix interface in the path of least resistance 
[81], known as fiber tunnelling amongst many damage modes. Regardless 
of the term or the initial point of weakness, interface debonding is a common 
mode of failure within composite materials that needs addressing.  
Thus to improve the interface is to improve composite performance and 
reduce damage. 
  
Figure 17: Debonding of carbon fibers from epoxy matrices. Left [82], Right [83]. 
 
Interfacial Bonding Mechanisms 
Thus to improve the interface, we must understand the governing 






Mechanical interlocking is the attachment created between the fiber and 
matrix caused by the physical morphology (i.e. surface roughness) of a 
carbon fiber surface [84,85]. As a resin coats a fiber, it penetrates into the 
cracks and fissures along the fiber surface and subsequently cures (Figure 
18). In the event of stress being applied to a composite, the interface is able 
to resist debonding due to the localised reinforcement at the points where 
resin has cured and anchored into fiber crevices, and secondarily by using 
friction experienced across the fiber surface. As such, a rough surface is 
theoretically desirable to enhance mechanical interlocking however 
questions remain as to whether a weakly bound graphitic surface layer 
provides enough resistant to improve performance. It is argued that one of 
the roles of electrochemical treatment during manufacturing is to roughen 
the surface of fibers to improve adhesion [86,87]. 
Academic research provides conflicting evidence to both verify [88,89] and 
disprove mechanical interlocking [49,90] as a factor for improved interfacial 
adhesion. A linear two variable regression analysis (ANOVA) of the 
aforementioned references considering IFSS and roughness (treatment 
conditions purposefully not considered) provides a coefficient of 
determination of 0.256 (Appendix D). This suggests no notable correlation 
exists. Importantly, this does not mean that mechanical interlocking is not 
having an effect on performance or conversely that it does. Rather it simply 
highlights that academic consensus on the effect of mechanical interlocking 
does not currently exist when considering carbon fibers in epoxy resins. 
 
Figure 18: Schematic of mechanical interlocking caused by fiber surface topography. 
Mechanical interlocking undoubtedly has an impact on the interfacial 





[91] show it to be a dominating factor to improved adhesion. Despite this, it 
does not necessarily mean it is applicable to carbon fiber composites, as 
the complex graphitic surface of fibers [92] with the existence of weak 
graphitic surface sheets [86,93,94] may be clouding interpretation. 
Further in depth research into mechanical interlocking is conducted within 
this thesis. The largest openly available comparison of surface roughness’ 
and IFSS is available in Chapter 3. 
Chemical Bonding: 
Chemical bonding refers to the interaction between atoms and molecules 
that arrange themselves in a chemically stable manner via electron 
exchange. There are various ways in which this may occur. 
Covalent Bonds: Those created through the sharing of electrons of 
different atoms. Covalent bonds provide the strongest binding within the 
chemical bonding hierarchy as the two atoms are connected to one another 
through the sharing of a valence electron/s [95]. 
Covalent bonding is associated with the interface as a molecule on the fiber 
surface may be prone to sharing an electron with a given matrix system 
(Figure 19). This has proven difficult as carbon fiber surfaces are extremely 
chemically inert with a stable carbon structure offering little chemical 
functionality and is exceptionally heteregeneous [9,22]. Techniques to force 
covalent interactions have however been beneficial to improved adhesion. 
  





Grafting of non-native molecules to the carbon fiber surface is an avenue 
of research that is garnering interest [96-101]. Figure 20, shows the impact 
of grafting various non-native functional groups to carbon fibers to induce 
covalent bonding to the same epoxy resin system used in this thesis [102]. 
Similar modifications to glass fiber surface chemistry have also shown 
improvements to both IFSS and critical energy release rate [103]. 
  
Figure 20: Covalently grafted functional groups and impact on RIM935 resin. Adapted from [104] 
Hence, grafting of covalently bound molecules improves adhesion and can 
be used for interface control provided additional understanding of fiber-
matrix interactions can be achieved. This remains a future concern as 
commercial fiber producers as of yet have not adopted surface grafting as 
a standard practice. Also, more work is required in this area as the 
ramifications on the overarching interphase properties by grafting of small 
or large molecules to the fiber surface has not been investigated. 
Ionic Bonds: Bonds that are created through the attraction of oppositely 
charged ions [105]. Just as a magnet has opposite poles that attract one 
another, atom interaction at the interface can do the same. Unfortunately 
as carbon fibers are chemically inert, they are neither positively nor 
negatively charged. This would suggest that ionic bonding would have little 
role on interfacial adhesion. 
However, if chemically active functional groups are available or introduced 
to the carbon surface, ionic bonding with a resin may occur. This is the 





shown that through oxidation, oxygen containing functional groups such as 
hydroxyls, carboxyls and carbonyls, become present on the fiber surface 
[106-109]. This modification to surface chemistry also alters the polarity of a 
fiber. Due to the nature of the oxygenated functional groups, the polarity of 
carbon fibers increases although the overall surface free energy may vary 
[97,110]. Polarity refers to the electronegativity of a molecule due to the 
charge allocated to individual atoms in said molecule. With increased 
electronegativity, molecules become increasingly polar and likely to bond 
with other polar materials (e.g. resins). 
The role of fiber polarity is another point of academic contention related to 
interfacial bonding interactions. While some research indicates increased 
polarity of fibers may improve interfacial adhesion [29,87,111], contradictory 
studies suggest it is the dispersive (non-polar) component that is preferred 
[47,112,113]. This may be a problematic argument as interactions of fiber 
polarity and a resin will be variable on a case by case basis. Regardless it 
is important to consider as a function of surface chemistry effects on the 
interface. 
Undoubtedly ionic interactions are a fundamental principle that must be 
considered for interfacial control. While typically ionic bonds do not 
contribute notably to improved interfacial adhesion, the secondary effects 
of hydrogen bonding and dispersion forces may be notable.  
Wettability 
In a carbon fiber context, wettability refers to the ability of a resin to 
successfully saturate a fiber, tow, weave, or preform, thereby creating a 
material with bonding junction bereft of voids [114]. While this may not 
necessarily be a bonding mechanism, in the same sense as mechanical 
interlocking and chemical bonding, wettability is an essential factor of the 
composite performance as it maximises interfacial adhesion and minimises 
the number of voids which may cause premature failure. Wetting is loosely 
correlated to the compatibility of a fiber and matrix to adhere to one another 





The Young-Dupre equation (Equation 1), [117,118] developed in 1869, is the 
thermodynamic law that established the foundation of wettability for all 
material interfaces. It refers to the energies required for a liquid to 
successfully wet and bond to a surface. 
𝑾𝑨 = 𝜸𝟏 + 𝜸𝟐 − 𝜸𝟏𝟐 
Equation 1 
Where WA represents the bonding of localised intermolecular dispersion 
forces, 𝛾1 surface free energy of the liquid/resin, 𝛾2 surface free energy of 
the solid and 𝛾12 surface free energy of the interface. 
Of these variables, 𝛾1 and 𝛾2 are quantifiable as properties of a given 
material however, 𝑊𝐴 and 𝛾12 are not. Dynamic contact angle testing 
(DCAT) is conducted to quantify these values. The contact angle 𝜽 of a 
droplet at the solid/liquid interface is used to determine wettability and 
surface energy as expressed in Equation 2. 
 
Figure 21: Wettability comparison and geometries of micro-droplet on a solid surface.  
𝜸𝑺𝑽 = 𝜸𝑺𝑳 + 𝜸𝑳𝑽 ∙ 𝐜𝐨𝐬 𝜽 
Equation 2 
Where 𝛾𝑆𝐿 is the solid-to-liquid surface energy, 𝛾𝑆𝑉 is the solid to vapor 
energy and 𝛾𝐿𝑉 is the liquid to vapor energies at the interface. 
Effective wetting is loosely defined as a contact angle between the solid 
surface and droplet to be less than 90˚. A non-wetting surface-liquid 
combination will create a contact angle greater than 90˚. Through the 
combination of both the DCAT interactions and the Young-Dupre equation 
(Equation 3) is derived: 






Thus WA is quantifiable. In relation to interface control, a poorly wetted fiber-
matrix interaction is likely to create a poor interface that resists interfacial 
bonding, while good wettability is likely to create a complete homogenous 
infusion. This is observable in Figure 21. 
Interface control 
As has been highlighted earlier in this thesis to improve the interface to 
thereby improve composite performance and mitigate damage. 
With fundamental understanding of governing mechanisms of interfacial 
adhesion established, the question becomes how can the interface be 
harnessed for maximum effect? Currently, fiber manufacturers use two 
treatments: electrochemical oxidation and a sizing treatment. Unfortunately 
there is no academic consensus on the role these techniques play on 
interfacial adhesion let alone subsequent mechanical performance. Further 
consideration of surface treatments is required. 
Electrochemical Oxidation 
Electrochemical oxidation is the process of passing fibers through an 
electrolytic bath and simultaneously applying a positive potential through 
the fibers. Consequently, fiber surface roughness and surface chemistry is 
altered. Within this procedure several parameters can be modified to 
control interfacial adhesion. These are: 




 Treatment severity. 
 Residence time. 
While a simultaneous multivariate analysis of all these parameters has 
never been conducted, research into the individual variables has occurred. 
Of the oxidation parameters, the most widely variable is electrolyte 
selection. As a charge is passed through the fibers which are submerged 
in an electrolyte solution, electrons are transfer between the fibers and 





During the early years of commercial carbon fiber manufacture, the 
electrolytes of choice were sulphuric acid and nitric acid [93,119]. While 
these electrolytes were noted to improve interfacial adhesion, they are 
extremely reactive, corrosive and are a large occupational health and safety 
hazard. As such a transition from these severe acids to safer and easily 
monitored electrolytes has occurred. The current electrolyte of choice for 
carbon fibers is ammonium bicarbonate. When dissolved in water the 
ammonium bicarbonate provides a mildly alkaline solution (typically ~pH 8-
9). While ammonium bicarbonate is the most commonly used solution, 
researchers have also investigated many other electrolytes as listed in 
Table 2. 
Electrolyte Formula References 
Potassium Nitrate KNO3 [87,94] 
Nitric Acid HNO3 [93,119] 
Ammonium Bicarbonate NH4HCO3 [11,106,107,119] 
Aqueous Ammonia NH4OH [120] 
Ammonium Peoroxydisulphate (NH4)2S2O8 [121] 
Sulphuric Acid H2SO4 [109,122,123] 
Sodium Hydroxide NaOH [109,119] 
Ammonium Hydrogen Carbonate NH4HCO3 [119] 
Ammonium Oxalate C2H8N2O4 [108] 
Ammonium Bicarbonate/ 




Phosphoric Acid H3PO4 [125] 
Table 2 Electrolyte research catalogue using electrochemical oxidation. 
All these electrolyte solutions have been noted to increase the content of 
oxygenated functional groups. When using ammonium bicarbonate Qian et 
al. [106] showed oxygen content on fibers to increase by 322% (as 
determined through XPS) when applying a 20 A per m2 current. This 
correlated to increases of 5.6% and 4.9% in carbonyl (C=O) and carboxyl 
(COOH) functional group presence as a function of overall fiber 
composition though a 3.31% reduction in hydroxyl (C-OH) groups was also 
observed. This latter result may be due to the conversion of hydroxyl to the 





Fukenaga et al. [11] similarly documented a 5.0% increase in O1/C1 ratio 
by using XPS when comparing untreated fibers to ammonium bicarbonate 
oxidized fibers at the lowest current conditions available (current 
unspecified). Jiang et al. [107] validated this increase in oxygen content 
showing O1/C1 ratio on the fiber surface to increase by 8.5%. Ammonium 
bicarbonate increased oxygen content on fibers by 4.4%, with C–OH, C=O, 
COOH spectra also quantified. 
Using a modified ammonium bicarbonate/ammonium oxalate monohydrate 
solution, Liu et al. [108] increased the overall oxygen content on fibers by 
4.4%. Percentage changes of functional group content is presented in 
Figure 22. By modifying the ratio of the ammonium bicarbonate and 
ammonium oxalate monohydrate, the proportions of C–OH, C=O and 
COOH attached to the fiber surface were altered. Although overall oxygen 
content on the fiber surface remained within a standard deviation of 2.7%, 
C=O and COOH content was maximised in a 2:1 ratio while at a minimum 
with a 1:2 ratio. Phenol (Ph-OH) was observed to reduce under both the 
1:2 and 2:1 electrolyte condition. This trend of increased C=O and COOH 
content with C-OH reduction is the same observation expressed by Qian et 
al. [106]. 
The previous five studies have all specifically used ammonium bicarbonate 
electrolyte. While this is most representative for modern manufacturing 
conditions and for this thesis, it is important to also consider the role of other 
electrolytes. 
 





Nakao et al. [125]  compared the effect of phosphoric acid and ammonium 
bicarbonate solutions.  Both increased O1/C1 ratio as observed in the 
ammonium bicarbonate literature. Untreated fibers with an O1/C1 ratio of 
0.075 doubled to 0.155 and further increased by 2.5 times to 0.195 for the 
phosphoric acid and ammonium bicarbonate solutions, respectively, as 
determined by XPS. These treatments also altered fiber surface roughness. 
Phosphoric acid smoothed fiber specific surface area by 0.01 m2/g while 
ammonium bicarbonate increased fiber specific surface area by 0.04 m2/g. 
Phosphoric acid additionally reduced fiber transverse strength by ~29%. 
The take away from this study is that electrolyte selection is not only a 
chemical modification, but also a topographical one as the surface 
roughness changes indicates. 
Studies conducted by Kim et al. [122] showed sulphur derived electrolytes 
such as sulphuric acid to attach SO3H functional groups to the fiber surface. 
Both sulphur and oxygen containing groups observed in this study come 
with a strong acidity. Kim et al. expressed this to be an influential factor for 
improving the electrochemical performance of PAN fibers however no 
interfacial adhesion assessment was conducted. 
Kainourigios et al. [123] similarly observed sulphuric acid to introduce SO3H 
functional groups to carbon fibers. However contrary to most academic 
studies, Kainourigios et al. concluded that although tensile strength and 
modulus may increase, the concentration of oxygen groups on the surface 
are too small to induce any change to interfacial adhesion. Thus, 
Kainourigios suggests surface chemistry is not a primary mechanism for 
improved bonding. 
Clearly electrolyte selection has an impact on fibers and the oxygen 
containing moieties that become attached to them. However, thus far this 
thesis has only considered the effect of electrolyte selection on surface 
chemistry and topography. This is only one part of a much more complex 
situation. 
Intimately linked to electrochemical treatment are the variables of 





these will alter the final outcomes of the treatment. This relationship is 
expressed by Equation 4. 
Ʊ = I / V 
Equation 4 
By modifying any two variables simultaneously the remaining variable can 
be controlled. Changing only one variable at any given time will result in a 
change in the other two. With this premise, available research exists 
investigating conductivity, current and voltage separately however full 
control of two out of the three variable is rarely available. 
When considering current Qian et al. [106] used an ammonium bicarbonate 
bath and varied amperage across 0 A, 1 A, 5 A, 12 A and 20 A (Figure 23). 
XPS of the fiber surface revealed that untreated (0 A) fibers had a 28.7% 
concentration of oxygen containing functional groups on the fiber surface. 
Total oxygen content increased to between 34% and 35% after oxidation 
and remained within this range for all other amperages. This indicates the 
electrical oxidation will increase oxygen content on the fiber surface 
however the total functional groups on the surface will not vary to any 
significant degree as a result of amperage range (as supported by Figure 
22). But the composition of functional groups was found to be controllable 
dependant on the amperage applied. 
Carbonyl content decreased from 21.8% for untreated fibers and reduced 
to 11.9% after treatment at 1 Amp. This value remained constant up to a 
12 A current for which subsequent increases of amperage to 20 A resulted 
in a C=O content of 18.5%. Carbonyl increased from 4.13% to 15.45% after 
1 Amp oxidation. As larger current was applied, C=O linearly decreased 
with the final 20 A current containing only 9.7% of this species, suggesting 
an ‘optimal’ current to introduce this functional group. Carboxylic acid 
content increased from its initial 2.7% to a maximum of 10.5% at 12 A, after 
which the content dropped off to form a bell curve shape. 
Data suggests that although electrochemical oxidation of the fibers 





percentage will not change. However, by altering current per unit area, the 
composition of oxygen containing functional groups can be controlled. 
 
Figure 23: Effect of amperage per unit area on fiber surface functional groups by Qian et al. [106]. 
Fukunaga et al. [11] who used an ammonium bicarbonate electrolyte 
observed that with greater amperage, oxygen content on the surface would 
increase. At 0 A, 1.5 A, 3 A and 6 A the O1/C1 ratio was found to be 0.12, 
0.15, 0.17 and 0.18, respectively. While the increases from 0 A to 3 A were 
notable (Figure 28), a plateauing of oxygen content emerged at currents 
exceeding 3 A. Further characterisation of functional group subset was not 
conducted. 
Yue et al. [87] performed a similar evaluation of PAN fibers in a potassium 
nitrate electrolyte. Treatment time and amperage were both altered with 
C=O groups increasing with greater amperages. This is in line with 
oxidation using ammonium bicarbonate electrolytes. However, the sum 
total of hydroxyl and carboxyl groups (which were not separated in the 
presented data) decreased due to oxidation and was less than the C=O 
content for all treated fibers. This outcome is the opposite trend in functional 
group composition when compared against ammonium bicarbonate [117, 
130]. As current increased from 0.05 A to 1 A only a minor decreases in 
C=O occurred. This was countered by slight increases in C=O and COOH 
(Figure 24). This dichotomy may be related to the difference between innate 





It is worth noting the spectrum of amperages tested by Yue et al. not as 
broad as the studies conducted by Qian et al. [106] or Fukunaga et al. [11]. 
However the result still implies that oxidation amperage will increase 
oxygen containing functional groups on the fiber surface. The electrolyte 
used must be carefully considered as it will affect surface chemistry 
composition. 
 
Figure 24: Effect of amperage on surface functional groups using KNO3 [87] 
Szazdi et al. [109], correlated the relationship of voltage, conductivity and 
current for both NaOH and H2SO4 electrolytes. As voltage increased the 
peak current during oxidation also increased. This was expected as 
resistance does not change considerably within the fiber during surface 
treatment. This rate of increase was dependant on the electrolyte used. For 
NaOH, as voltage rose from 1 V to 5 V the peak current increased from ~5 
mA to ~6.5 mA, respectively. However under the same conditions in a 
H2SO4 electrolyte, peak current increased exponentially from ~5 mA to ~14 
mA. The study also found surface roughness of fibers to increase by ~60% 
with greater electrolyte concentration and current [126]. Interestingly a 
diffuse reflectance infrared Fourier transform (DRIFT) spectra revealed the 
content of carboxyl groups increased between 100% to 400% for H2SO4 
and NaOH electrolytes, respectively.  
Thus far, the distinctive relationships between electrolyte selection, 





information into oxidation variables is important it does not answer the three 
immediate questions at hand: 
1) Why is any of this data important? 
2) Can it be used to improve interfacial adhesion? 
3) How do these variables all affect one another with respect to IFSS, if at all? 
A clear way to answer these questions would be to perform a multivariate 
analysis of all treatment variables with respect to IFSS. Gulyas et al. [119] 
produced arguably the best controlled attempt of such an analysis for 
electrochemical oxidation conditions. By altering the variables of electrolyte 
concentration, electrolyte selection and voltage simultaneously, 
performance of fibers was measured against IFSS in an epoxy matrix. The 
electrolytes used were sodium hydroxide (NaOH), ammonium bicarbonate 
(NH4)2CO3, sulfuric acid (H2SO4), nitric acid (HNO3) and ammonium 
hydrogen carbonate (NH4HCO3). Electrolyte concentration was varied 
between 3 wt%, 5 wt%, 10 wt% and 20 wt%, and voltage was varied 
between 0.5 V, 1 V, 2 V and 5 V. 
Figure 25 shows the effects of voltage and conductivity variation for NaOH 
electrolyte. As voltage increased from 0.5 V to 5 V (while electrolyte 
concentration was maintained at 20 wt%), IFSS decreased linearly.  
However if voltage was maintained at 5 V and electrolyte concentration 
increased from 3 wt% to 20 wt%, IFSS would increase linearly albeit at a 
more gradual rate. 
 





When the same conditions were applied to a H2SO4 electrolyte the inverse 
results were observed with respect to voltage (Figure 26). As voltage 
increased from 0.5 V to 5 V, IFSS increased linearly. Though similar to 
NaOH, when voltage was maintained at 5 V and electrolyte concentration 
increased from 3 wt% to 10 wt%, IFSS decreased. As electrolyte 
concentration eventually increased to 20 wt% the IFSS increased also. 
However it is unclear whether this was a factor of voltage variation or 
electrolyte conductivity. 
 
Figure 26: IFSS relationship to applied voltage and N2SO4 electrolyte concentration. Adapted [119] 
What these two figures reveal is that neither voltage nor electrolyte 
concentration are necessarily the answer for improved IFSS. Rather the 
truth is highly variable and dependant on numerous input parameters such 
as electrolyte choice. Factors not specifically considered include electrolyte 
potential, fiber types and resin used to determine IFSS to name a few which 
are likely to behave differently for each condition and variable. To have a 
systematic multivariate analysis of not only electrochemical oxidation input 
parameters but also their effects on different fibers and matrix types would 
be of notable benefit to researchers. For the time being this remains an 
asperiation, and the effects of electrochemical oxidation must be navigated 
with the staggered knowledge available. 
This discrepancy on input parameters is best embodied in Figure 27. Both 





When electrolyte concentration was maintained at 3 wt% IFSS increased 
as voltage increased. Conversely, if electrolyte concentration was 
maintained at 20 wt% IFSS would decrease as voltage increased. 
 
Figure 27: IFSS relationship to applied voltage and HNO3 electrolyte concentration. [119] 
The research of Gulyas et al. [119] is essential for electrochemical oxidation 
as it exemplifies the issues researcher have in understanding input 
parameters. As one variable changes so do many others, and tracking how 
this affects interfacial adhesion is unclear and a significant challenge. 
In an attempt to unify data Figure 28 shows the IFSS results of several 
studies with special emphasis placed on ammonium bicarbonate as the 
electrolyte. Consideration of variables in each of these studies and how 
they may alter fiber chemistry and topography has been explained prior in 
this section of literature. Figure 28 unifies the IFSS results of previously 
mentioned studies purposely detached from their treatment variables to try 
and extract the means by which IFSS is influenced. 
 
■ Control fibers                      ■ Treated fibers 





Gulyas et al. [119]  shows the effects of electrolyte selection on untreated 
unsized fibers in an epoxy resin. From left to right, the electrolytes used 
were (NH4)2CO3, NH4HCO3, HNO3, NaOH, H2SO4. The conditions of 
treatment were an electrolyte concentration of 20 wt% and 0.5 V. Data 
establishes electrolyte selection as a crucial role in improving IFSS. 
Fukunaga et al. [11] shows the effects of increased current for PITCH 
carbon fibers in an epoxy matrix. From left to right amperage was increased 
from the control (0 A) to 1.5 A, 3 A, and 6 A, respectively. Results suggest 
that as current is increased, IFSS also increases. Improvements in 
adhesion were attributed solely to improved chemical functionality. 
Qian et al. [106] shows the effects of increased amperage for PAN based 
carbon fibers. Electrolyte concentration was maintained at 7.5 wt%. From 
left to right current is increased between 1 A, 5 A, 12 A, and 20 A 
respectively. With increased amperage IFSS improved and was relatively 
consistent between 1 A, 5 A, and 12 A. However overexposure of the fibers 
to excessive current reduced IFSS at 20 A. It appears that amperage must 
be monitored carefully and has an optimal condition for improved IFSS. The 
study concluded that O1 percentage (by XPS) is not a direct indicator of 
improved IFSS nor is the existence of any single oxygen containing 
functional group. But, the increased coverage of functional groups of 
several kinds was attributed to be the factor for improved adhesion. 
Amperage variation was also observed to allow limited control of functional 
groups concentrations on the fiber surface. 
Nakao et al. [125] correlated IFSS to oxygen content on the fiber surface. 
From left to right O1/C1 ratio increased from 0.095 to 0.105, 0.133, 0.15, 
and 0.157 respectively. As all IFSS were very similar including that of the 
untreated fiber, it can be argued that oxygen content alone is not an 
indicator of improved performance, which supports the outcomes of Qian 
et al. [106]. 
Liu et al. [124] observed the effects of modified ammonium bicarbonate / 
ammonium oxalate monohydrate solutions on IFSS. From left to right the 





had a clear effect on IFSS and with improvements being attributed to both 
increased surface roughness and the introduction of oxygen containing 
functional groups. 
Severini et al. [120] used an aqueous ammonia electrolyte and investigated 
the effects of washing techniques and surface chemistry on fibers. T700 
carbon fiber was used and tested in an epoxy matrix. From left to right the 
treatment conditions were: washed with CCl4, treated with maleic anhydride 
(MA) at 100 °C for 5 hours, washed with CCl4 and treated with NH4OH at 
room temperature for 136 hours, treated with NH4OH at 130 °C for 5 hours. 
Improvements in IFSS were strictly attributed to the increased amino 
groups attached to the fiber surface by the NH4OH washing. 
Rashkovan et al. [127] compared the effects of commercial UKN-01 fiber on 
epoxy (left) and thermoplastic polyamide-12 (right) resins, though the 
electrochemical oxidation conditions were unspecified. The study shows 
that for both epoxy and polyamide resins, IFSS is improved by oxidation. 
However as IFSS of thermoplastic samples is significantly greater than that 
of the epoxy samples, the results suggest untreated unsized fibers are 
much more chemically compatible with thermoplastics compared to 
traditional epoxies. 
Szazdi et al. [109] compared the effects of H2SO4 and NaOH to voltage 
variation during cyclic voltammetry scanning. The results presented in 
Figure 28 from left to right show the IFSS values of H2SO4 treated fibers at 
5.8 mA, 8 mA, and 14.5 mA and NaOH treated fibers at 5.8 mA, 7 mA, and 
8 mA. Amperage and voltage variation are highly dependent on the 
electrolyte used. Under the same treatment conditions IFSS will vary 
significantly due to the electrolyte selected. Where the H2SO4 electrolyte 
was used adhesion increased with greater current. Conversely NaOH 
electrolyte decrease IFSS with greater current. As is consistent with the 
observations of Gulyas et al. [119]. The improvements in adhesion were 
attributed to both the introduction of carboxyl groups to fibers and the 





With a greater understanding of the oxidation variables, their effects on fiber 
chemistry and IFSS, there last variable to consider is time. 
Commercial oxidation baths are usually only between 3 to 5 meters in 
length with a standard feed rate of 2 meters per minute. Thereby oxidation 
must occur between 90 to 150 seconds. As such, modification with input 
variables is important to ensure the full effects of treatment can be felt. 
Liu et al. [108] investigated the impacts of treatment time using an 
ammonium oxalate electrolyte. Figure 29 presents the percentage of 
respective functional groups on the fiber surface in comparison to IFSS. A 
treatment time of 94 seconds was shown to increase C=O by 7.5%, COOH 
by 0.5% and C-OH by 2.7%. With this change in surface chemistry, IFSS 
increased by 6.4 MPa or 8.6%. However when fibers were treated for an 
additional 10 seconds a 7.6% reduction of C=O was observed. 
Simultaneously IFSS also decreased by 2.7 MPa. This is in spite of further 
minor increases in C-OH and –COOH groups. This implies a relationship 
between –C=O groups and IFSS may exist. Tensile strength of fibers was 
also improved by 16.6% when treated for 104 seconds however any further 
exposure decreased this tensile performance and treatment time had no 
observable effect on elastic modulus. Thus treatment time is seen to play a 
role, albeit minor, on IFSS and surface chemistry of fibers. Liu et al. 
concluding the oxidation process creates active sites and chemically 
functionality by removing weak carbonaceous layers deposited on the fiber 
surface however over exposure may also reduce adhesion. It is unclear 
whether treatment at milder potential/amperage is the same as short 
treatment at high potential/amperage. Further research is required. 
 





As time is a limited commodity during fiber production, another way to 
promote oxidation is to amplify several treatment conditions. This may 
constitute increased voltage, amperage or conductivity. In a study 
conducted by Raghavendran et al. [112], the concept of ‘treatment severity’ 
was considered with respect to IFSS. Unfortunately the definition of 
‘treatment severity’ was kept private as research was conducted in 
association with Hexcel on a private batch of IM7 fibers. 
Severity was varied between 0%, 20%, 50%, 100% (standard IM7), 200%, 
and 400% (Figure 30). As severity increased across these levels C–OH and 
C=O groups increased linearly. Carboxylic acid (COOH) remained constant 
across the 20% to 200% conditions but experienced a sharp increase at 
the 400% treatment. Undoubtedly with increased severity, overall oxygen 
content on the fiber surface was increased. When considering IFSS, the 
higher severity conditions seemed to have an optimal condition. When 
treatment severity exceeded 20%, interfacial adhesion increased by 6 MPa. 
However the difference between the 100%, 200%, and 400% treatments 
were minor (below 1 MPa). This study was conducted on polycarbonate 
matrix laminates. Authors concluded that surface roughness and oxygen 
content were both insignificant in improving adhesion. Rather “dispersive 
interaction alone appear to the primary factor in adhesion for CF 
thermoplastic matrices”.2 
 
Figure 30: IFSS and functional groups due to surface treatment severity [112]. 
                                            





     
Figure 31: Effect of treatment severity on carbon fiber Tensile Strength (MPa) and modulus (GPa). [128] 
While treatment severity may improve the effects of oxidation, this may 
come at a cost of the fiber mechanical properties. Ivens et al. [128], similarly 
considered the somewhat undefined variable of treatment severity on 
carbon fiber mechanical properties. Severity was grouped between 0%, 
10%, 50%, and 100%. As treatment severity increased to 50% 
improvements of 450 MPa in tensile strength and 14 GPa in modulus 
occurred (Figure 31). Any exposure after 50% severity was found to be 
detrimental to both tensile strength and Young’s modulus resulting in 
reductions of 350 MPa and 9 GPa, respectively. Authors argued that a 
moderate treatment is the optimal condition for fiber properties. 
This outcome supports the conclusions drawn by Liu et al. [124] which 
proposed optimum performance occurs when the weakly bound graphitic 
outer layers of fibers are exfoliated. Pittman Jr. et al. [86,93,94] similarly 
concluded through the use of KNO3 and HNO3 electrolytes, oxidation is 
beneficial to both fiber properties and adhesion as it erodes pre-existing 
surface flaws and voids which cause failure however excessive treatment 
can affect fiber microstructure. 
Thus far all variables initially highlighted: electrolyte selection, conductivity, 
amperage, voltage, and time have been explored. It is understood these 
variables alter interfacial adhesion however by linking oxidation to 
composite mechanical performance, a motive for the research outcomes is 





A large body of research currently exists that still lacks a complete 
understanding the role of oxidation on interfacial adhesion. 
And this is only regarding the electrochemical oxidation stage of surface 
treatment. We must now add sizing to the complex scenario which further 
convolutes understanding interface interactions.  
Sizing Treatment 
Subsequent to electrochemical oxidation, carbon fibers are washed and 
placed through a sizing bath. While sizing acts to bind fiber tows and 
protects fibers from damage during weaving [50,115,129], its role on 
interfacial adhesion is contested. Before exploring the role of sizing as a 
method of interface control, it is important to outline some reasons why the 
role of sizing in a composite and interfacial adhesion is so misunderstood: 
1. The sizing used in commercial scale fiber production are proprietary 
formulations. Thus, the role of sizing chemistry on interfacial adhesion 
cannot be accurately studied and compared. 
2. Methods of mapping how sizing dissipates away from the fiber surface 
upon infusion (or if it does at all) remain, for the most part, unknown and 
speculative. 
3. The ability to de-convolute the effects of sizing to the subsequent 
governing bonding mechanisms such as chemical adhesion and 
mechanical interlocking is near impossible as sizing alters both roughness 
and chemistry simultaneously.  
4. The surface treatment conditions applied to a fiber are also confidential. 
Thus, how the fiber surface interacts with the sizing and how the sizing 
interacts with the resin are difficult to quantify and compare across sizings 
or fibers. 
5. Comparisons between desized fibers and unsized fibers may not be 
completely representative of one another as desized fibers must undergo 
additional steps of processing such as a Soxholet extraction which may 





While these factors are hurdles in research, they do not hinder the ability to 
investigate how sizings may effect IFSS and mechanical performance. 
Thus a substantial body of work has been compiled looking into sizing as a 
function of IFSS and mechanical performance. [44,46,49,88-90,130,131] 
Unfortunately, a final consensus on the role of sizing to improve interfacial 
adhesion remains inconclusive. Regardless of its role on interfacial 
adhesion it remains unavoidable as it is necessary for handling and fabric 
processing. 
Sizing effect on interfacial adhesion 
Sizing is considered by some researchers to act as an intermediate material 
that can facilitate chemical adhesion between inert carbon fibers and a 
resin matrix [132,133]. When considering the influence of epoxy sizing in 
epoxy resins, most research tends to promote the idea that interfacial 
bonding is improved. Important to note is that sizings are also provided to 
consumers via a ‘compatibility’ chart as seen in Figure 32 with compatibility 
to specific resins highlighted by red boxes. In this context ‘compatibility’ is 
not quantified or defined in any way and is not specific to any resin thus is 
subjective and open to interpretation. 
 
Figure 32: Example of a commercially available matrix-sizing compatibility table [41]     . 
Research conducted by Fernandez et al. [49] compared three epoxy sizings 





ether (DGEBA), tetraglycidyl methylenedianiline (TGDDM) and a propriety 
commercial epoxy resin that were prepared into an emulsion and coated 
onto fibers. Desized fibers had a 12.5% reduction in IFSS when compared 
to commercially sized fibers. DGEBA and TGDDM sized fibers increased 
IFSS when compared to the commercially sized fibers by 16.7% and 
22.9%, respectively. Thereby epoxy sizing improved IFSS in epoxy resin 
within this study. This investigation further noted that mechanical 
interlocking played no role on performance and rather it was the increased 
surface polarity of the sized fibers that was vital to IFSS gains. While this 
may be true it is worth noting that both DGEBA and TGDDM fibers were 
‘re-sized’ after fibers had undergone desizing. The effect of desizing and 
re-sizing on surface chemistry and surface exfoliation further convolutes 
interpretation of interfacial data and should be noted as a potential point of 
uncertainty within this study. Regardless, epoxy sizing as a means to 
improve IFSS is not isolated to this one study. 
Paipetis et al. [131] investigated the effect of epoxy sizing on interface 
mechanics for epoxy resins. Experimentally, IFSS increased by 16.2% 
thereby supporting the benefits of sizing. However by creating a finite 
element analysis (FEA) model additional developments were made. 
Foremost, sized fibers were observed to fail via mixed mode cracking while 
unsized fibers failed via debonding. This suggests that sizing has indeed 
improved adhesion as a higher order mode of failure was achieved (see 
Microscale Testing). Additionally the single fiber fragment test (SFFT) 
which assesses IFSS, creates a residual stress field around the interface 
which is an artefact of both axial prestressing and thermal stresses. As such 
experimental performance of SFFT may be influenced by residual stresses. 
Further considering the nuances of influence of sizing on fiber-to-matrix 
adhesion, Zhang et al. [44,111] explored sizing to water emulsion ratio of six 
epoxy sizings in epoxy resin 618/H256. The six sizings used were referred 
to as “E1, E2 and E3” [44] and “C1, C2 and C3” [111]. As is a reoccurring 
theme in research focusing on sizings, there is a distinct lack of chemical 
characterisation of these formulations which limits understanding of 





sizing to water in the treatment bath, the role of sizing deposition can be 
explored to address the question: Is a greater content of sizing polymer 
on the fiber surface beneficial to adhesion or does sizing have an 
optimal ratio before it reduces performance? 
When considering sizings “C1, C2 and C3” the emulsion ratio was varied 
between 1 wt%, 1.5 wt% and 2 wt%, with the 1.5 wt% emulsion was found 
to be the optimal dilution. Similarly, when comparing E1, E2 and E3, 
emulsion ratio was varied between 10 wt%, 15 wt% and 20 wt% [111]. The 
optimal condition was found to be 15 wt%. In both studies the middle values 
performed best suggesting a ‘goldilocks’ ratio exists. Too little or too much 
sizing in the emulsion bath may be to the detriment of interfacial adhesion. 
Thus, emulsion content should be monitored carefully to optimise 
composite performance. Again, these studies observed epoxy sizing to 
improve IFSS in an epoxy resin. 
Both studies had a clearly superior performing sizing; C2 for the 2012 study 
[44], and E3 for the 2011 study [111]. This indicates sizing chemistry plays a 
dominant role in interfacial adhesion albeit emulsion ratio is also influencing 
results. Unfortunately, fiber polarity and sizing chemistry was not disclosed 
in either study which is a limitation when interpreting data. 
Research conducted by Blackketter et al. [88] explored epoxy sizing 
treatment in thermoset resins. Two different fiber variants (AU4, XAU/S) 
derived from different precursors and manufacturing conditions (conditions 
unspecified) were used and modified by both electrochemical oxidation 
(oxidation conditions unknown) and sizing deposition (at 0.7 wt% and 1.2 
wt%). By comparing both oxidation and sizing simultaneously this study 
improves research understanding of the relationship between oxidation and 
sizing together. 
For AU4 fibers, oxidation increased interlaminar shear strength (ILSS) by 
79.8% while the effects of oxidation and sizing at 0.7 wt% improved ILSS 
by 84.6% which were statistically significant. This implies oxidation is the 
more dominant mechanism to improve adhesion than sizing deposition 





and 1.2 wt% only improved ILSS by 8.9% and 2.8%, respectively. While 
sizing improved ILSS, its effect is much less than that of oxidative 
treatment. When these same sizing ratios were applied to XAS fibers that 
had not undergone initial oxidation ILSS decreased 8.8%. Hence if fibers 
remained untreated, the addition of a sizing would reduce ILSS. 
This suggests several things. Firstly, the type of fiber used plays a major 
role on the ability of sizing and oxidation to influence interfacial adhesion. 
This is evident by comparing the differences in ILSS variation between the 
two fiber types investigated. Secondly, sizing can improve ILSS, however, 
this was only true if fibers had been oxidized. If fibers remain untreated, 
ILSS decreased. But why might this be? Sizing indeed improves interfacial 
adhesion though the mechanism by which this occurs seems to be related 
to the chemical bonding of the sizing to the increased number of functional 
groups introduced on the fiber surface by oxidation [22,23,46,111]. Without 
these groups sizing may not be attaching to fibers and instead acts as a 
bonding deterrent. 
In a recent study Ma et al. [89] used T700 fibers and similarly evaluated 
fibers independently with sizing, oxidation and then both sizing and 
oxidation together. Although no ‘untreated, unsized’ condition was 
presented, both sizing and oxidation treatments singularly improved ILSS 
by 5.2 MPa (+7.6%) and 27.4 MPa (+28.8%), respectively. However when 
treatments were applied simultaneously, ILSS increased by 43.2% more 
than oxidized fibers alone. Thus the same conclusion as Blackketter et al. 
[88] is drawn that oxidation and sizing work best when combined with 
surface treatment rather than independently applied. The relative 
improvements of both fibers were attributed to increases in surface 
roughness, surface free energy and activated carbon content. 
All studies explored thus far have suggested epoxy sizing in an epoxy 
matrix improves interfacial adhesion. However, there is another vocal 






Dai et al. [47] compared unsized and epoxy sized T300 and T700 fibers in 
epoxy resin. Micro-droplet testing and a work of adhesion approach were 
both applied to quantify interface strength. For both T300 and T700 fibers, 
sizing decreased adhesion. T300 sized fibers reduced IFSS by 7.2% while 
T700 sized fibers reduced IFSS by 11.1%. The study claimed “The 
presence of a sizing agent on fibers was not positive for interfacial 
adhesion”, as the authors commented on the effect sizing layer thickness 
which may weaken the interface. This indirectly supports the observations 
of previous studies [44,111] which showed excessive sizing to be detrimental 
to adhesion, and contradicts the suggestion that sizing is beneficial to 
adhesion. 
Similarly, Zhang et al. [13] investigated the application of epoxy sizing to 
unsized Tenax T5000 fibers to be detrimental for both Epikote 828 and 
Araldite 298 epoxy resins. Reductions in IFSS were 16.4% and 12.1% 
respectively for the aforementioned resins. Researchers concluded “pre-
coating with an epoxy sizing creates an apparent weaker interface”, though 
no measurement of the polymer surrounding the fiber was examined. 
To further confuse matters Luo et al. [48] found epoxy sizing J4 and A436 
to decrease surface roughness, decrease surface polarity and overall 
surface free energy on fibers. Although no direct interfacial adhesion testing 
was conducted, these values are used as markers to predict improved 
interfacial adhesion in epoxy resins, have been reduced. This suggest two 
things. Either, unsized fibers are preferred for interfacial adhesion OR the 
markers currently used to predict adhesion may be misunderstood or 
inappropriate. 
Further examination of a sizings influence to affect adhesion is required. By 
setting aside these immediate differences in research contradictions, an 
overall question becomes apparent. 
What effects at the interface will most heavily manifest 
improvements to laminate (macroscale) composite properties? 
A fundamental of this thesis is the correlation of interfacial adhesion to 





structural discontinuity, stress concentrations must be taken into account. 
As such, the important properties requiring investigation are the critical 
fracture toughness and crack propagation rate. For any research in 
interfacial adhesion to be of relevance to composite mechanical 
performance, a well-founded relationship between mode I and II fracture 
toughness and the interface should be considered. 
Downey et al. [134] used aromatic (DGEBA/mPDA) and aliphatic 
(PDGE/mPDA) sizings applied to carbon fibers at a 1 wt% emulsion in an 
epoxy resin. All fibers excluding the control ‘untreated and unsized’ fibers 
had initially been surface treated via UV-ozone exposure. Aromatic and 
aliphatic sizings were able to increase single fiber IFSS by 75.1% and 
115.3%, respectively, and laminate ILSS by 14.8% and 15.2%, 
respectively. When tested for mode I fracture toughness (GIC) aromatic and 
aliphatic sizing increased toughness by 50.0% and 84.3%, respectively. 
Hence, a link between IFSS and mode I fracture toughness can be 
observed.  
When considering a shear stress state, such as that experienced when 
determining IFSS, mode II fracture toughness (GIIC) is a more 
representative measure of performance. Fernandez et al. [49] reported the 
first investigation of mode II fracture toughness as a function of sizing 
variability. Hexcel G-1501 fibers were desized and subsequently re-sized 
with two epoxy compounds (DGEBA and TGDDM). ILSS increases of 
16.7% and 22.9% for the DGEBA and TGDDM sizings, respectively, 
correlated to a 15.2% and 30.3% increase in GIIC. Mechanical interlocking 
was not observed to play a role on performance with improved adhesion 
attributed to increase fiber surface polarity. 
Similarly, Liu et al. [45] reported the link of epoxy and thermoplastic sizings 
on T700 carbon fibers in DGEBA epoxy resin. Results showed a 15.5% 
increase in IFSS correlate to a GIIC increase of 56.1%. These increases 
were linked to the use of PPEK sizing as opposed to their commercial epoxy 





of thermoplastics over thermoset epoxy in improving mechanical 
performance. 
While these three papers provide a foundation linking improved IFSS to GIC 
and GIIC, they remain only the beginning of a greater push into consolidating 
microscale and macroscale mechanical properties. Further work is required 
to solidify the theoretical link between carbon fiber surface treatments and 
fracture toughness. Furthermore, no current research has linked IFSS 
directly to OHC strength. 
With the exception of Liu et al. [45], all aforementioned studies in this section 
have focused solely on the relationship of epoxy sizing in epoxy resins. 
Although these are the most relevant for this thesis, to understand sizing 
and its influence on adhesion, consideration of all sizing, fiber and matrix 
combinations is required. 
Gnadinger et al. [51] explored the effects of polyamide (PA), polyurethane 
(PU), and epoxy sizings in both epoxy and polyurethane matrices. IFSS 
results determined through SFFT are provided in Table 3. 
Treatment Untreated Treated Treated Treated Treated 
Sizing Unsized Unsized Epoxy Polyurethane Polyamide 
Epoxy(M) MPa 23 59 62 59 50 
Increase A % - 156.5% 169.5% 156.5% 117.4% 
Increase B % - - 5.1% 0% 15.3% 
PU(M) MPa 33 84 69 71 53 
Increase A % - 154.5% 109.1% 115.2% 60.6% 
Increase B % - - -17.8% -15.5% -36.9% 
Table 3: IFSS of treated fibers with Epoxy, PU, PA and unsized surfaces. [51] 
A Results relative to untreated-unsized fiber. 
B Results relative to treated-unsized fiber. 
(M) Matrix used for respective testing. 
For the epoxy matrix, IFSS improved by 169.5%, 156.5%, and 117.4% 
when epoxy, PU and PA sizings were applied respectively. For the PU 
matrix improvements of 109.1%, 115.2% and 60.6% were observed when 
epoxy, PU, and PA sizings were applied, respectively. While these 
improvements may seem significant when compared to untreated/unsized 





If these same adhesions (Table 3) are compared to the treated, unsized 
column subset in Table 3, improvements would be negligible and even 
detrimental to adhesion. For example when considering the epoxy matrix 
system specifically, only epoxy sizing improved IFSS with a 5.1% increase. 
The use of PU sizing showed no change in adhesion and PA decreased 
IFSS by 15.3% for the same epoxy matrix. Comparatively, for the PU 
matrix, IFSS decreased by 17.8%, 15.5% and 36.9% when epoxy, PU and 
PA sizing was used, respectively. 
This shows that sizing can be both beneficial (epoxy matrix) and detrimental 
(PU matrix) to interfacial adhesion. This variation between sizing and resin 
performance may be attributed to several factors. Firstly, interfacial 
adhesion is likely to be a chemical compatibility issue which requires careful 
consideration of both fiber and matrix chemistry. Secondly, electrochemical 
oxidation plays a crucial role in improving chemical reactivity of fibers which 
may be necessary for sizing to effectively be used to improve IFSS.  
Research supporting the chemical compatibility argument can be found in 
Dilsiz et al. [22,23]. PU and polyimide (PI) sized fibers embedded in an epoxy 
matrix decreased IFSS by 107.4% and 43.7%, respectively. No trend 
between surface energy or polarity was observed with respect to ILSS with 
authors concluding “The compatibility of the deposited sizing with the matrix 
will determine the adhesive bond between fiber and matrix and the 
formation of an interphase region”. 
Accordingly research by Yuan et al. [90] using poly-acrylate sizing 
developed for an epoxy matrix (Epoxy 618) increased ILSS by 14.2%. 
Improvements were attributed to the development of a novel sizing and 
chemical compatibility. As sizing decreased roughness by 28.5%, the 
influence of mechanical interlocking was not notable. 
In summary, while a great deal of research has been conducted in the 
field of fiber sizing, its role on interfacial adhesion remains poorly 
understood. While some studies have shown epoxy sizings in epoxy 
resins to improve IFSS, others have shown it to be detrimental. By 





optimisation on a case by case basis, and considering the intertwined 
relationship of oxidation and sizing, a complete understanding of sizings 
impact on composite performance remains elusive. 
Encouragingly, preliminary links between interfacial adhesion and mode I 
and mode II fracture toughness have been established, albeit in only a 
handful of studies. Similarly, as sizing is known to improve IFSS, the aim of 
future research must be to provide deeper understanding the mechanisms 
by which sizing improves adhesion. For this, extensive physical and 
chemical characterisation is required, especially regarding chemical 
composition of fibers, sizings and matrices simultaneously for each sample 
set. Undoubtedly the lack of chemical information of proprietary sizings has 
hampered the understanding of sizing’s role on interfacial adhesion. 
It may be as recent articles suggest, that performance is a question of fiber 
and matrix compatibility with a sizing [50,115]. However, as sizing is an 
inevitable requirement of the weaving process, a concerted effort is 
required to understand and manage and optimise its role in composites.  
Table 4 lists the studies discussed in this section, subcategorised by sizing, 
matrix type, and testing protocol. It is hoped that this table can help assist 
with the navigation of literature and act as a reference point for those 

























Epoxy SFFT PU, PI, Epoxy. [23] 
Jilin Industrial 3k Epoxy SBS 
Undefined Epoxies: 
E1, E2, E3 
[111] 
Jilin Industrial 3k Epoxy SBS 
Undefined Epoxies: 
C1, C2, C3 
[44] 
Unsized and Desized 
(Soficar M40B) 
Epoxy SFFT Epoxy [131] 









Epoxy SBS Epoxy [89] 




XAS, XAS-C1, XAU, 
XAU-C1, AU4, AU4-C 
[135] 






SFFT PA, PU, EP [51] 
Unsized (Chinese 
academy of sciences) 
Epoxy SBS PA [90] 
Unsized (Tenax 
T5000) 
Epoxy SFFT Epoxy [46] 
Unsized (Hecules 
AS4) 
- AFM, DCAT EP, PTPO [22] 
Unsized (Weihai 
TuoZhan, CCF300) 






EP, UV-Ox [134] 
Table 4: Catalogue of experimental research considering sizing as the independent variable. 
(PA = Polyamide; PU = Polyurethane; PI = Polyimide; EP-PHE: Epoxy-Phenyl) 
Micro-, Meso- and Macro-scale IFSS Translatability 
Knowledge of the fiber-matrix interface and how it may be influenced has 
been explored in the previous sections. While this helps in understanding 
the fundamentals of microscale interactions, it is another matter entirely to 
translate this knowledge to improvements in real-world parts. Thus, 
microscale properties and interactions must be correlated to macroscale 
performance. To do so, the effects of interfacial adhesion must be carefully 
monitored with increased testing scale. Failure to do so may not accurately 
account for local composite variabilities which include voids between fibers, 





shows different scales of composite mechanical testings and lists some 
introduced variabilities with each upscaling phase. 
In this thesis single fiber fragment testing (SFFT) is used to assess the 
microscale, Iosipescu tow testing is used for the mesoscale and short beam 
shear testing (SBS) for the macroscale. 
Scale Image Introduced Variability Example 
Microscale 
(100 nm - 2 µm) 
 





(15  µm - 100 µm)  
Neighbouring fiber interactions. 
Localised stress redistribution. 
Fiber permeability concerns. 
Fiber tow bundle 
tests. 
Macroscale 
(>100 µm)  
Ply layer interactions. 




Figure 33 Flow chart of microscale, mesoscale, macroscale testing and introduced variability. 
Microscale Testing 
Microscale testing is primarily concerned with interactions between 100 nm 
to 2 µm [137]. Testing of single fiber ‘micro-composites’ falls within this 
bracket. While testing at this scale may seem inapplicable to real world 
parts, results at the microscale consolidate the fundamental knowledge 
required to understand and improve fiber-matrix interactions. There are 
several methods of microscale testing used to determine IFSS. These 
include single fiber pullout testing, micro-droplet testing, micro-indentation 
and SFFT (Figure 34). Each has its own advantages and disadvantages. 
    
Pull-out test Microdroplet Micro-indentation SFFT 





The single fiber pullout test provides the ability to determine debonding 
force at the interface however is prone to premature failure due to fibers are 
exposed outside the matrix. The tests also provides a single data point per 
sample, which means a high number of samples must be tested to ensure 
data integrity [139]. Despite this, there has been a recent push to consider 
the benefits of the fiber pull out test. Benefits include the ability to model 
the local IFSS stresses around a single fiber [140] and the sensitivity of 
testing to quantify adhesion pressure which can thereby be related to 
adhesive bond at the interface strength [141]. 
The micro-droplet test requires curing of a single resin droplet onto a 
single fiber that is then debonded through a set of 2 precise mounting 
blades. While this technique calculates debond force, the drawbacks 
include difficulty of repeated droplet size/volume and low data yield [142]. 
The micro-indentation test, is the only commonly used method which 
applies a compressive force to induce interfacial debonding. A single fiber 
housed in a matrix is axially compressed using a specially designed tip and 
debonding force measured. While data collection is automated and high 
volume, this method is prone to fiber crushing and may only provide limited 
insight into the failure mode of the interface. [143,144] 
The single fiber fragmentation test (SFFT) is the only one of these four 
methods to be conducted in which fiber failure is observed within the resin 
matrix. It has the advantages of large data yield per sample and provides 
information regarding the mode of failure experienced at the interface. As 
such it is extremely useful in assessing IFSS, however has its own 
shortcomings. Calculations do not consider the effects of Poisson’s ratio 
contractions, which may cause the ‘true’ IFSS to be higher than the 
‘calculated’ IFSS [138]. Samples also require a resin to be three times more 
ductile than the accompanying fibers [145,146]. For carbon fiber/epoxy 
specimens this is seldom a limitation, though can prove problematic for 
other resins with high shrinkage, such as vinyl ester. Determination of IFSS 
is only possible for transparent resin systems as fragment size must be 





Of the four tests, the SFFT has been the most commonly used in the past 
30 years for considering microscale interfacial adhesion (Figure 35)3. 
 
Figure 35: Comparison of microscale testing use in open access publications since 1990.  
Given that SFFT has been determined as the means of microscale testing 
in this thesis, further in depth understanding of this technique is beneficial. 
The SFFT entails axially tensioning a single fiber into a specially designed 
dog-bone mould and encasing this fiber in resin. Once cured, the samples 
are then tensioned in an mechanical test machine (Intron 10 kN load cell), 
at a rate of 0.05 mm/min. As both the fiber and matrix have different 
elongation properties, the interface between the two materials begins to 
experience shearing. Once the stress experienced at the interface exceeds 
the tensile strength of a fiber, the embedded fiber will fragment. As loading 
continues the same process will repeat itself until the stress at the interface 
can no longer reach that of the fiber tensile strength. This is known as 
‘fragment saturation' (Figure 36). By measuring fragment size and knowing 
the tensile strength of single fibers, IFSS can be calculated. A smaller 
average fragment size correlates to better interfacial adhesion as a greater 
shear stress is able to be transferred over a smaller bonded area. 
                                            






Figure 36: Effect of SFFT fragmenting as fibers reach saturation length. 
In attempts to incorporate the effects of Poisson contractions as a factor of 
IFSS Drzal et al. [147] and Henstenburg et al. [148] both created correction 
factors for critical fragment length (Equation 4 and Equation 5 respectively). 
As neither have been applied commonly in experimental investigations, the 
formula have not been incorporated into this thesis. However for 




















With SFFT’s prolific use comes justified scrutiny. Pitkethly et al. [149] 
conducted an independent investigation of 11 institutes worldwide to 
compare the repeatability of IFSS results dependant on research group. A 
~25% variation in IFSS was observed across labs however in-house 
variation of labs was only ~10%. This study of both untreated and treated 
fibers in epoxy revealed the sensitivity of SFFT to experimental variables. 
Significant development and standardization of SFFT has since been 
established to minimise such inter-laboratory discrepancy. The most 
notable has been the creation of a standard operating procedure in 2004 
by the Risø National Laboratory (Denmark) [150] which has seen 
widespread use. Consideration of all research of differing fiber-matrix 
combinations using the SFFT is far outside the scope of this thesis. 
However interested readers are encouraged to refer to the review 
publications of Tripathi et al. [145] and Brocks et al. [151]. 
a) Initial Tensioning 
b) Fragment Initiation 





When considering SFFT and the research questions of this thesis, there 
are some publications worth exploring. Netravali et al. [152,153] considered 
both high modulus and low modulus epoxy resins combined with Hercules 
IM6 fibers. Six resins were created by altering ratios of DER 331 and DER 
732 epoxy. High modulus epoxies failed at the interface while low modulus 
epoxies failed in mode I opening. This implies a limitation to highly ductile 
resin use for SFFT and highlights the requirement of fracture site 
observation using optical microscopy. 
Deng et al. [154] compared the effects of fiber diameter and fiber selection. 
Unsized and commercially sized variants of G34-700 and T700 carbon 
fibers were tested in epoxy resin. The study concluded that the SFFT is an 
effective method of determining IFSS however at high interfacial bonding 
or large fiber diameters, matrix cracks are prone to occur affecting local 
fiber fragmentation. Importantly by considering the effects of both unsized 
and sized fibers with altered surface chemistry, varied IFSS was observed. 
This concept was also explored by Kim et al. [155]. Depending on the 
strength of interface bonding, carbon fibers fragment in different patterns. 
A poor interface will create a slippage debond in which fibers move freely 
within the matrix (Figure 34, A). A moderately strong bond causes a 
localised debonding, which creates a distinctive parabolic light pattern 
(Figure 37, B and C). While a strong interface that does not undergo 
interfacial failure will generate a matrix crack with a large diamond pattern 
(Figure 34, D). Stress redistribution is so prevalent in matrix failure that 
fibers near the fracture site are unable to fragment. This causes result 
discrepancies as a section of the fiber within the composite sample is no 
longer valid for fragment counting. It is to the discretion of the researcher to 
conclude which areas of a sample are valid for fragment counting. Kim et 
al. [155] also provides a complete analysis of fracture patterns, fragment 
mapping and polarised imagery for interested readers. The terms “poor”, 
“moderate” and “strong” are subjective to the fiber-matrix combination in a 







Figure 37: Fracture patterns schematics informed by thesis experimentation and references [155,156] 
These studies each set precedence for using SFFT to determine IFSS as 
a function of modified interface properties. Yet, the test has also been used 
to explore novel research avenues. Schuette et al. [157] used SFFT to 
investigate interface degradation due to water ingress. Anthony et al. [158] 
applied SFFT for continuous carbon nanotubes on charged carbon fibers 
and Zhang et al. [159] attempted transverse SFFT testing to investigate the 
transverse interface strength of fibers. 
For both its grounding in experimental research and its applicability to 
varied modified interfaces, the SFFT was selected as the ideal method of 
microscale testing for this thesis. 
Finite Element Modelling 
While experimentally simple, researchers have found great difficulty in 
creating a universally applicable finite element model of the SFFT. This 
highlights the complexity of fiber-matrix interactions. Modelling of SFFT can 
be explored as far back as the shear-lag model developed by Cox et al. 
[160] in 1952. However, relevant modelling of SFFT with respect to carbon-
epoxy composites is briefly discussed below. 
Varna et al. [161] provides some of the earliest observation comparing 
“weak” and “strong” interfaces in an epoxy matrix via modelling. A linear 
elastic material model was created that showed sufficiently altered 
fragment lengths are dependent on interfacial bonding strength. However, 
a linear elastic approach was unable to replicate experimental data due to 
epoxy deforming plastically during elongation. Furthermore, fracture 
toughness at the interface was found to be independent of adhesive 





strength. This conclusion is questionable as fiber-matrix adhesion alters 
stress transfer, thereby a modified interface should theoretically either 
increase fracture toughness by increased bonding or reduce toughness by 
becoming more brittle [162,163]. 
Nishikawa et al. [156] applied a cohesive zone model (CZM) to display fiber 
breakage, matrix cracking and debonding damage, simultaneously. The 
model simulated fiber fragmentation of T300 fiber in an epoxy matrix. 
However, the chosen matrix was overly sensitive to matrix cracking which 
consequently altered localised fragmentation. Comparatively, Tripathi et al. 
[145,164] applied a cumulative stress transfer function (CSTF) which 
introduced material plasticity. This approach effectively represented fiber 
saturation for high ductility resins however was unsuitable for high strength/ 
low ductility resins. Modern investigations commonly apply a CSTF for 
SFFT modelling, [165] to explore the alternate condition of high stiffness 
resins. Wagner et al. [166] developed a model based on an energy balance 
relationship. By applying linear elastic material behaviour, the IFSS and 
fracture toughness of a fiber that fails to reach fiber saturation was able to 
be modelled successfully.  
An added advantage of using a modelling approach to simulate SFFT is 
that crack growth along the interface can be measured. Thereby crack 
growth can be related to fracture toughness.  Ramirez et al. [167] developed 
a procedure using two iterative compliance formulae which connect strain 
energy release rates. The first compliance condition equates initial fiber 
breakage load while the second compliance condition evaluates debond 
length. With each additional breakage the two conditions are updated and 
reapplied iteratively. This model was based on the works of Whitney et al. 
[168] which considered axisymmetric stress distributions for isolated fibers. 
The fracture toughness using this model was determined both with, and 
without, friction showing agreement with experimental data within 20%. 
Graciani et al. [169] applied a boundary element method (BEM) which offers 
the advantage of considering 2D axisymmetric problems using a 1D mesh. 





to account for localised plasticity. The three models considered the effects 
of pure mechanical loading, thermal residual stresses and friction. Both 
interface friction and thermal residual stress were found to delay debonding 
with friction having a large impact on load transfer across the interface. Liu 
et al. [170] similarly assessed fracture toughness using a modified Wagner-
Naid-Datassis (WND) model. This model incorporated Poisson’s ratio 
contractions and the effects of moisture swelling stresses under complete 
water immersion. The model created was able to successfully explore 
interface degradation subject to water ingress. 
Overall SFFT has a foundation in both experimental and modelling 
research. Thus, any exploration of interface modification with respect to 
SFFT is relevant to a large body of research. 
A note on microscale testing however; while it is important to understanding 
interface adhesion, concerns about accuracy still exist. Such concerns are 
best expressed by Piggott [138]: 
“All interface tests (microscale tests discussed here) are centro-symmetric or nearly so. 
In this situation, a matrix that cannot fail in shear, must fail in tension. Yet tensile failure 
is strongly inhibited by the centro-symmetry. Hence shear failure is forced at the interface 
itself by a tensile-type process. This involves tensile pulling of the polymer over the high 
points on the fiber (no surface is perfectly smooth). The result is thus unduly influenced 
by the surface roughness of the fiber and the shrinkage pressure, neither of which are 
directly related to adhesion.” 
While microscale testing is valuable, it is also just as important to extend 
experimental knowledge to larger testing scales. Regardless of this 
disclaimer, the argument of roughness not being related to adhesion can 
be refuted as all mechanisms that assist stress transfer are indeed helping 
interfacial adhesion.  
Mesoscale Testing 
While a vast body of research at both the Microscale Testingand 
Macroscale Testing exists, very little has been conducted at the mesoscale 
or ‘tow-level’. The Iosipescu test (v-notch shear test) works by creating a v-





38). One end of the fixture is secured and maintained static, while the other 
end is compressed. As a result, a state of pure stress is created across the 
centre of the specimen. Dependant on the interface, the samples will fail at 
different loads. 
   
Figure 38: Iosipescu tow sample pre and post testing loaded in Wyoming II test fixture. 
The Iosipescu method offers the design versatility to be either a laminate 
test (complete composite specimen) or a tow level test (single tow 
embedded in specimen (see Figure 38)). Testing comparing the quality of 
Iosipescu data to similar tests such as 10 degree offset, inclined double 
notch shear (IDNS) and double notch compression (DNC) test have been 
conducted extensively by Ho et al. [171-173], Lee et al. [174,175] and more 
recently Wang et al. [176].  
While each test has its advantages and disadvantages, the Iosipescu test 
is the most theoretically sound of the formats being considered within this 
study. This is because Iosipescu testing provides a region of pure shear 
directly across the interface that can be tested. Pure shear refers to a region 
of shearing stress that experiences no rigid body out-of-plane rotation. 
Thus, it was chosen to represent the mesoscale. 
Although the Iosipescu test offers the design versatility of being both a 
laminate [177-181] and tow-level test; its use as a tow bundle test has been 
very limited [182]. As such this thesis took evaluated the Iosipescu tow 
testing method and explored the impact of parameters not previously 
published in the literature, namely the effects of oxidation and sizing on a 







As a part of this thesis, the first comprehensive review of the Iosipescu test 
in over 30 years was published. Thereby a literature analysis of this testing 
method is not presented here as it would simply reiterate upcoming 
chapters. 
Macroscale Testing 
The macroscale is concerned with testing of composite laminates at a size 
>100 µm [137,183]. While many tests for determining interface and 
interlaminar shear properties exist such as the 10° tensile offset, double 
notched cantilever (DNC), and the include DNC test (IDNS), this thesis will 
only consider the short beam shear (SBS) method. 
The decision to use SBS is based on several factors. Firstly, when 
comparing the number of publication using SBS in comparison to any other 
macroscale test over the past 30 years, it becomes evident that SBS is the 
overwhelming preference (Figure 39)4. As such, developments into this 
testing methodology would be of maximum relevance to existing research. 
 
Figure 39: Comparison of macroscale IFSS tests in open access publications since 1990. 
Secondly, in a comparison of macroscale test methods, Melin et al. [184] 
commented on the accuracy of ILSS values determined via SBS, IDNS, 
Iosipescu and DNC. The investigation revealed each method to have some 
inherent flaws with the SBS method susceptible to stress non-uniformity 
and heightened ILSS values. However, by the same token, its simplicity 
                                            





and lack of geometric discontinuities (namely notches) means that the risk 
of premature fracture initiation can be mitigated.  
Furthermore, SBS has been observed to be responsive to interface 
modifications. Research by Brocks et al. [151] considered T800 and IM7 
carbon fibers in an epoxy matrix, with modified surface treatments. ILSS 
was responsive to surface treatment changes showing improvements in 
mechanical performance as surface chemistry on each fiber type changed. 
Earlier work by Hoecker et al. [185] also compared the effects of altered 
interface properties using a single-ply failure criteria model (Puck failure 
criteria). Results confirmed that SBS is sensitive to interface modification. 
The aforementioned research by Brocks et al. [151] and Hoecker et al. [185] 
highlights SBS as an appropriate test for assessing interface modification 
in this thesis. This is not to say the SBS method is not without criticism. To 
understand the criticism, the fundamentals of the test must be understood. 
SBS specimens are created in accordance to ASTM D2344 [186]. UD plies 
of carbon fiber are stacked in either a 0° or 90° direction to a minimum 
specimen thickness of 2 mm. Thicknesses exceeding 2 mm are valid 
however a thickness to width ratio of 2.5 is required, giving a minimum 
specimen of 2 mm thickness and a 5 mm width. The effective length of the 
specimen is dictated by this ratio with a required length 5 times larger than 
the specimen width (Figure 40). Subsequent to ply stacking, a laminate 
must be infused ensuring complete resin penetration. The most common 
method of creating SBS specimens occurs by making a large composite 
panel and carefully cutting out specimens ensuring fiber orientation remains 
unidirectional to the direction of the cut.  
 





Specimens are subsequently loaded into a ‘3-point” or ‘4-point’ test fixture, 
as shown in Figure 41 (left and right, respectively). Outside roller supports 





    
Interfacial Shear Failure Tensile Failure Compressive Failure 
Figure 41: 3 point and 4 point SBS schematic with ASTM accepted fracture patterns. 
As the central rollers move downwards, the specimen is deformed. The top 
of the laminate will experience compression while the bottom of the 
specimen undergoes tension. The centre of the sample undergoes 
maximum shearing. Provided the weakest point of the laminate is across 
the central plies, ILSS can be calculated using Equation 7. If failure does 
not occur through the central plies experiencing shear but rather across the 
compressive plies, then failure load cannot be considered to be through 
shear and ILSS cannot be determined. Rather the compressive strength of 
the laminate is obtained. Failure mode is determined after experimental 
testing using optical microscopy of fracture sites. Importantly, testing is 
stopped at crack initiation to ensure mixed mode failure can be avoided and 






While the calculation for determining ILSS is simple, the foundation is 
predicated on a concept known as classical beam theory (CBT), aka Euler-
Bernoulli beam theory [187]. That theory states that the deflection of a beam 
caused by an applied load can be predicted by ‘flexural rigidity’ and cross-
sectional area. Flexural rigidity is the product of a materials elastic modulus 
of the material and the second moment of area of the specimen shape [188]. 
Moving rollers (Compress down) 
Static rollers 
(outside rollers) 





With some derivation and the incorporation of Hooke’s Law, [189] the shear 
stress across the neutral plane of a rectangular specimen can be 






Where M is the bending moment of the composite, z is the distance from 
the neutral plane and I is the second moment of area. 
By applying the appropriate boundary conditions for an indeterminate beam 
under a concentrated load, Equation 8 can be transposed into Equation 7. 
Full derivation of the SBS formula via CBT is outside the scope of this thesis 
however interested readers can refer to the following reference [190]. 
With a grasp into the fundamentals of SBS testing established, criticisms 
may now be explored. The most common critique relates to the accuracy 
of the CBT to represent stress distribution. As a specimen is loaded under 
compression, the shape of the specimen deforms. As such the location of 
the initial ‘neutral-axis’ and the ‘true neutral-axis’ changes ( 
Figure 42). This is not accounted for in SBS calculation and considered 
negligible. 
 
Figure 42: Neutral axis shift during SBS testing. 
Bai et al. [191] examined this discrepancy and compared the theoretical CBT 
results to a four point bend test model. The study showed a disparity of 6% 
between the model and CBT calculations. The recommendation was to 
apply a correlated formula (Equation 9) which accounts for specimen 
bending. Where P is applied load, h is specimen thickness, b is specimen 










Whitney et al. [192] observed that under high stress gradients of flexible 
carbon fiber/epoxy composites, the CBT assumption of uniform shear 
across the bending axis may not necessarily be appropriate as regions 
experiencing compressive stress tend to supress interlaminar shear failure 
modes. Thus, SBS specimens are likely to fracture in mixed mode failure. 
This amplifies concerns raised by Pipes et al. [193] which state that the 
location of failure for SBS samples may be ‘difficult to determine’. A counter 
to this concern is presented in Brocks et al. [151] which found that during 
testing of altered interfaces, optical microscopy was sufficient to locate 
fracture locations and ruptures. Roselli et al. [194] compared SBS to a 
modified interface also supports the claim that optical microscopy is 
sufficient to locate SBS fracture locations. 
The final insistent criticism of the SBS method relates to the stress 
concentrations that are experienced at the contact point of the rollers and 
specimens [193,194]. As the SBS test requires a concentrated load, all force 
must be transferred through a limited contact area. Thereby the areas 
around the static support and compressive rollers experience localised 
increases in compressive stress. This is unfortunately an unavoidable 
factor of SBS testing. However, the question thereby becomes, do these 
stress concentrations affect the final results of testing? 
He et al. [195,196] modelled the SBS test comparing thickness and span 
ratio. Within this study the issues of non-linearity of bending and the 
existence of stress concentrations are addressed. Fortunately, localised 
stress concentrations were found to play no part in neutral plane shear 
failure. However, in the event of compressive failure, stress concentrations 
undoubtedly affect composite performance. 
In summary, there are many reasons to use the SBS test when determining 
IFSS at a macroscopic level. These include simplicity, academic impact and 
proven sensitivity to interface modification. Similarly, criticism relating to the 





to ASTM D2344 [186] standards, these criticisms can be considered 
negligible however are important to keep in mind when comparing results 
especially across different testing scales. 
Translatability across scales 
While the suggestion that microscale improvements correlate to 
macroscale performance may be true, there is surprisingly little research 
consolidating this assertion. Research out of Michigan State University in 
the early 1990’s provides the best commentary on this relationship. Authors 
Herrera-Franco et al. [197], Madhakur et al. [198] and Drzal et al. [199,200] 
systematically evaluated microscale, mesoscale and macroscale IFSS 
tests. Results correlated IFSS to mechanical properties including fracture 
toughness and compressive strength. While these seminal works remain 
pillars of academia, (accumulated citation count of 755) they are not without 
limitations. 
All three studies used Hercules fibers provided directly from the supplier 
[201-203]. Unfortunately, the treatment conditions of the fiber sets are not 
public knowledge, other than some fibers were reported as 
“electrochemically oxidized” and others “sized”. Consequently, fiber types 
were categorised to by their single fiber IFSS strength, which was 
denoted as either “weak”, “moderate” or “strong” with no quantifiable value 
brackets provided for the given classification. While the linking of testing 
scales is valuable information, the lack of information regarding 
manufacturing conditions is an unfortunate limitation. 
As literature has thus far established, even minor alterations to surface 
treatment inputs can have a large effect on fiber surface chemistry and 
IFSS. While the studies out of Michigan State University [204] validated a 
link between microscale, mesoscale and macroscale performance, and 
indeed inspired some research in this work, they also raise further 
fundamental questions of composite performance: 
1) What about the fiber treatments in these studies caused the interfaces to be 





2) If these improvements are specifically related to a surface treatment; what 
effect will altering the treatment variables have on the subsequent IFSS 
across testing scales? 
3) Are the test methodologies sensitive to treatment input variables? 
These questions must be answered to further understand interfacial 
interactions for CFRP composites. Figure 43 shows the combined IFSS 
values of Herrera Franco et al. [197], Madhakur et al. [198] and Drzal et al. 
[199] categorised according to their “weak”, “moderate” or “strong” 
classification. 
 
Figure 43: Effect of weak, moderate and strong interfaces on SFFT, Iosipescu and SBS values. [199] 
In all categories SFFT testing provided the lowest IFSS while Iosipescu 
testing provided the largest. These differences suggest there may be 
variability across testing scales however the extent to which this is testing 
related or interface related is unclear. Interestingly, as interface strength 
increases the disparity between IFSS values across the three tests 
decreased. When comparing IFSS between SFFT and Iosipescu testing, 
the differences between the weak, moderate and strong interfaces was 
47.8%, 39.9%, and 15.2% respectively. When considering Iosipescu and 
SBS values, the differences were 13.6%, 12.1%, and 1.7%, respectively.  
Finally, considering SFFT and SBS, the differences between the weak, 
moderate and strong interfaces was 21.7%, 18.7%, and 11.7%, 
respectively.  A summary of these results is shown in Table 5. 













 SFFT vs Ios SBS vs Ios SFFT vs SBS 
Weak + 47.85 - 13.64 + 21.68 
Moderate + 39.97 - 12.13 + 18.69 
Strong + 15.23 - 1.71 + 11.71 
Table 5: IFSS of weak, moderate and strong interfaces using SFFT, Iosipescu (Ios) and SBS. [199] 
This data reveals that test methodology and fiber conditions play some role 
on IFSS value disparity. However, interface strength may also be a major 
factor. For instance, when considering the differences between SFFT and 
Iosipescu testing, the disparity of values between a weak and strong 
interface reduced significantly from 47.8% to 15.2%. Thus, the interface 
properties and subsequent strength was the dominant factor in IFSS scale 
translatability. Given this information a reframing question is needed. 
What about the interfacial adhesion is causing improvement in translation? 
Was it the application of sizing to mitigate fiber damage and form localised 
region of plasticity? Or what it the modification of fiber surface chemistry to 
promote fiber-to-matrix bonding? 
Here is highlighted an unexplored yet vital link in composites research. 
Figure 44 provides a 2016 investigation of micro and macroscale IFSS 
performance conducted by Downey et al. [134] looking into the effects of 
epoxy sizing compositions. Using Hercules IM6 carbon fibers results 
showed that as IFSS increased, the variance between micro and 
macroscale IFSS results decreased. The unsized, untreated fiber 
configuration had the poorest correlation with a discrepancy of 104%. 
However, when comparing this result to unsized but treated fibers, the 
discrepancy reduced to 42.9%. Thus, the act of oxidizing fibers was enough 
to improve the translation of IFSS by 61.4%. Similarly, when comparing the 
aromatic and aliphatic sized fibers, their respective differences to micro and 
macro IFSS results were 33.7% and 9.1%. Although there was a difference 
in IFSS at the microscale, the macroscale results were very consistent with 
a maximum variance below 0.4 MPa for all treated fiber types. Hence, sizing 
was shown to alter translatability, but so too is the sizing chemistry. Again, 





results, but it does little to answer what properties of the interface are 
improving translatability. Thus, further research into is needed. 
 
Figure 44: Effect of treatment and sizing comparing microscale and macroscale IFSS values [134]. 
Studies comparing the relationship between the mesoscale and 
macroscale are also available. Adams et al. [205] compared the effects of 
Iosipescu testing and SBS testing on two carbon fiber types (S2 and AS4 
fibers) in three resins; two epoxy (3501-6 and J2) and one thermoplastic 
(PEKK). For S2 and AS4 fibers, the discrepancy between tests increased 
according to resin selection suggesting fiber-matrix compatibility is playing 
a role. For S2 fibers the differences in mesoscale and macroscale values 
between epoxy and thermoplastic was 15.2% and 28.2%, respectively. For 
AS4 fibers, this difference was 7.0% and 25.2%, respectively. When directly 
comparing the two epoxy resins with the AS4 fibers, result discrepancy 
between from 7.0% to 16.1%. This establishes, albeit somewhat intuitively, 
that resin selection impacts translatability of IFSS results between the 






Figure 45: Comparison of Iosipescu and SBS results for S2/AS4 fibers in epoxy and PEKK resins [205] 
What is curious about this study is the consistency of Iosipescu values 
across all tests. Although 5 fiber/matrix configurations were created, all 
average IFSS values were within a 6 MPa range. Comparatively, 
macroscale results were much more variable. Several factors may be at 
play. Either the SBS test is more sensitive to resin selection than the 
Iosipescu test or SBS introduces complex manufacturing variability that 
makes the two tests inconsistent. 
The latter of these two assertion is doubtful however as research conducted 
by Melin et al. [184] showed SBS testing to provide higher IFSS values than 
Iosipescu by between 16.2% and 20.1%. This study compared carbon 
fiber/toughened epoxy prepregs concurrently with speckle-strain analyais 
software. The SBS method was argued to overestimate IFSS due to the 
inaccurate stress distributions about the specimen. 
While the contention of inaccurate stress distribution is indeed supported 
by literature [184,206], the claim that localised stress redistribution increases 
IFSS directly contradicts works that have used the same assumption to 
suggest SBS testing provides underestimations [207] (Figure 46). All that 
can be concluded on this matter is existing research comparing mesoscale 






Figure 46: Comparison of Iosipescu and SBS results of Melin et al. [184,208] and Chan et al. [207] 
Open Hole Compression (OHC) 
Composite parts used in engineering structures require a method of joining 
multiple sections. In the aerospace industry, composites are often joined by 
riveting or bolting (Figure 47). Each time a hole is introduced to a laminate, 
a redistribution of loads around the hole occurs which further promotes 
premature failure. When such a structure is then loaded under 
compression, the high through-thickness stresses experienced commonly 
cause delamination events and interlaminar damage [209]. As such, the 
compressive strength of a laminate is 47% to [210,211] and 50% [212] 
reduced with the introduction of a hole. Hence the final stage of this thesis 
is to minimise the detrimental impact of holes in a laminate by using an 
understanding of interfacial adhesion. 
 





To do this, it must be appreciated that from an engineering standpoint a 
hole is a crack which generates stress concentrations. Stress 
concentrations are areas of locally amplified stress that are most commonly 
induced by a reduction in area due to geometric change. This can be seen 
by the non-uniform stress distribution in Figure 48. 
 
Figure 48: Contour plot of Von-Mises stress distributions about an open hole. 
Fracture Toughness 
Research into stress concentrations was initially developed by Ernst Kirsch 
in 1898 which considered linear elastic stresses about a hole in an infinite 
plate [214]. With increased research into fracture mechanics, varied models 
attempting to quantify the stress concentration factor (Kc) have been 
developed. These include the Whitney-Nuismer model (1974) [215,216], 
Waddoups-Eisenmann-Kaminski (WEK) model [217] and point stress model 
(Pipes-Wetherhold-Gillespie) [218] to name a few. Exploration of each of 
these is outside the relevant scope of this thesis. Though a comprehensive 
analysis of these models and derivation can be found in Orifici et al. [219] 
and Awerbuch et al. [212] respectively.  
The presence of a hole will cause a stress concentration, thus, the concepts 
of fracture mechanics must apply. Fracture mechanics is the study of 
material performance in the presence of an existing crack. In this scenario 
fracture toughness and strain energy release rate dominate the material 
response to stress. 
Fracture toughness is the ability of a material to resist the growth of an 
existing crack, while strain energy release rate is defined as the energy 
required to grow a crack per unit area. As explored already, modifications 





Downey et al. [134] increased mode I toughness by 50.0% and 84.3% by 
using aromatic and aliphatic sizings, respectively. Comparatively, 
Fernandez et al. [49] and Liu et al. [45] improved mode II fracture toughness 
by up to 30.3% and 56.1%, respectively, via the use of modified sizings. 
Refer to Translatability (page 70) for in depth discussion of these studies. 
Kim et al. [129] provides a review paper apply titled “High strength, high 
fracture toughness fiber composites with Interface control” [129]. One of 
many ideas explored within this review is the dichotomy between interface 
rigidity (beneficial for composite strength) and fracture toughness. While 
high strength laminates are desirable, a trade-off that can occur is to create 
an overly rigid interface that provides low fracture energy absorption. Upon 
crack initiation a strong interface may fail globally while a less rigid interface 
may allow for greater energy absorption and fail gradually. This concept 
has also led to a field of research that uses defects such as resin rich zones 
to control crack path movement to the benefit of global composite 
performance [220]. This trade-off in material properties is not only relevant 
to composites but also found throughout the natural world [71,183,220]. 
Hence, while interface modification can improve fracture toughness, it must 
be carefully monitored to ensure strength is not simultaneously reduced by 
creating an overly rigid interface. Thus an understanding of fracture 
toughness mechanics and its link to open-hole stresses is needed. 
Anecdotally, the importance of stress concentrations and fracture 
toughness within the aerospace industry is exemplified by the lessons 
learnt with the De Havilland Comet aircraft. The reason why aeroplanes 
have round edged windows and why aircraft windows do not typically line 
up with seating arrangements, is related to fracture mechanics. First 
brought into commission in 1949 the De Havilland Comet was an innovative 
transport airliner for its time for both its use of wing integrated engines and 
its use of square windows. In the mid 1950’s the impact of using square 
windows would become fatal. Unknown to engineers, cracks were forming 
at window corners and slowly propagating with pressurisation of each flight. 





this design flaw had been discovered a total of 13 aircraft and 426 
passengers had been lost. By having a square corner, stress 
concentrations were amplified causing crack growth. Current aircraft use a 
more gradual window curvature to reduce stress concentration and 
windows are sufficiently spaced so that stress concentrations are unable to 
superimpose. However, since the disaster of De Havilland Comet, 
aerospace engineers have remained acutely vigilant when considering the 
role of stress concentrations and fracture mechanics. 
A simple method of calculating fracture toughness, 𝐾𝐼𝐶, is to use the plane 
strain fracture toughness equation [221,222] (Equation 10).  
𝑲𝑰𝑪 = 𝒀𝒂√𝝅𝝈𝒂 
Equation 10 
Where a equals crack length, 𝝈 equals applied stress and Y equals 
geometric factor of shape obtained via empirical/numerical data tables [223]. 
For calculation of simple geometric crack shapes during in-plane loading 
this is ideal. However, decades of research into the nuances of fracture 
toughness has been sub-categorised into multiple failure mechanism 
subsets. These subsets provide an understanding how interface 
modifications may influence final fracture toughness. These subsets are:  
Interfacial debonding (𝐾𝑑): Refers to the point at which the stresses at the 
interface exceeds interface bonding strength. The stresses are amplified by 
stress concentrations of an existing crack however the debonding fracture 
toughness is itself a factor of fiber volume fraction (𝑉𝑓), fiber tensile strength 
(𝜎𝑓) and fiber elastic modulus (𝐸𝑓). Complete derivation of interfacial 







Post debonding friction (𝐾𝑑𝑓): After interface debonding the fiber and 
matrix may begin to reposition as the crack propagates. Due to both fiber 
and matrix topography friction inevitably will play a role in the redistribution 





which was derived by Gurney (1972) [225]. Where 𝜏𝑓 is the shear strength 







Stress redistribution (𝐾𝜏): As a crack propagates, changes in both 
geometric loading and crack path cause stress redistribution. The effect of 
this stress redistribution can be accounted for in a material using Equation 







Fiber pull-out (𝐾𝑃𝑂): If loading and crack propagation occur perpendicular 
to one another (e.g. mode I fracture) energy will be absorbed by fibers 
requiring axial pull-out of the matrix. While loading direction to induce crack 
growth for mode I pull-out is the opposite to shear failure, both are linked to 
interface properties as a stronger interface allows for greater resistance to 








Surface energy (𝐾𝑠): Surface energy refers to the energy absorption of a 
laminate created by the generation of new surfaces via crack growth. This 
varies from stress redistribution as it specifically refers to the energy 
required to grow a crack across a given unit area, while stress redistribution 
refers to the energy required to alter crack growth path and geometric 
variation. Derivation of Equation 15 can be found in reference [228]. 
𝑲𝒔 = 𝑽𝒇 (
𝒍𝒄
𝒅
− 𝟏) 𝑹𝒎 
Equation 15 
Plastic shear of matrix (𝐾𝑚𝑠): Refers to the energy absorbed by a matrix 
as it undergoes plastic deformation. Due to stress concentrations at the 





subject to the energy release rate of a matrix. Derivation of Equation 16 can 








Plastic shear of fiber (𝐾𝑓𝑠): Refers to the energy absorption that occurs 
due to fiber plasticity. As carbon fibers are extremely brittle this can be 
considered generally negligible. For more ductile reinforcing fiber types 
such as natural, and thermoplastic fibers this may be more applicable. 
Derivation of Equation 17 can be found in Halpin et al. [229]. 
𝑲𝒇𝒔 = 𝟐𝑽𝒇𝒅𝝈𝒇𝜺𝒇 
Equation 17 
Each of these subsets when combined gives the total fracture toughness of 
a composite in what is known as the total fracture toughness theory 
(TFTT) (Equation 18). It may be that each sub-category is not relevant in a 
given loading scenario, however for completeness all must be considered. 
While other theories of fracture toughness also exist, such as the classical 
delamination theory [230] and Whintney-Numiser model [216], they are all 
fundamentally similar to the TFTT. For the purposes of this thesis and 
conceptualisation of interface control they will not be discussed here. 
Interested readers are encouraged to review the accompanying reference 
[129].  
𝑹𝑻 = 𝑲𝒅 + 𝑲𝒅𝒇 + 𝑲𝝉 + 𝑲𝑷𝑶 + 𝑲𝒔 + 𝑲𝒎𝒔 + 𝑲𝒇𝒔 
Equation 18 
While all this information is important, it is also valuable to experimentally 
consolidate the link between IFSS, fracture toughness and open-hole 
properties. Research by Hirschbuehler et al. [231] compared SBS ILSS, 
mode I fracture toughness and compressive strength of notched laminates 
for Hercules AS4 and AS6 fibers carbon fibers infused with Cycom 985, 
1808 and HST-7 epoxy resin. ILSS and notched compressive strength 
results were found to have a 72.5% coefficient of determination while 






So far research has been linked manufacturing conditions to interface 
control which alters microscale interfacial adhesion. Precedence has been 
set to link microscale, mesoscale and macroscale performance, which in 
turn has also been shown to improve fracture toughness. Fracture 
toughness and open-hole compressive strength have also been 
theoretically and experimentally shown to be related.  
By this logic interface modification at the microscale should affect the 
macroscale which also influences fracture toughness and thereby OHC 
strength (Figure 49). While these links can tentatively be discussed, no 
study has ever directly correlated interface modification via surface 
treatments on a carbon fiber production line to OHC strength. This thesis 
aims to be the first to do so, using the following staged of experiments. 
 
Figure 49: Flow diagram of literature review and thesis progression. 
Development of the modern OHC test began at the NASA Langley research 
centre in 1980. Laminates were orientated quasi-isotropic layup in a [45/0/-
45/90]ns layup. Specimen dimensions were 127 mm wide, 6.4 mm thick and 
318 mm long. Concurrently in 1982, Boeing had developed a similar testing 
protocol however with a reduced specimen size making testing less 
material intensive. Boeing specimens were 305 mm long, 38 mm wide and 
2.5 mm thick. Ply orientation was the same as that of the NASA standard. 
NASA would later adopt the Boeing standard procedure for their own in-
house testing. In 2000, the Boeing protocol D888-10026 had been adopted 
by the ASTM as standard D6484 [232]. Specimen geometry can be seen in 
















Figure 50: ASTM standard coupon geometry for OHC testing. (Units = mm)  
While OHC specimens are not particularly complex shapes, there are still 
many variables that require consideration. Callus [234] investigated hole 
diameter for AS4/3501-6 carbon fiber epoxy laminates under compressive 
loading. Figure 51 shows the notched (𝜎𝑁) and unnotched (𝜎𝑂) strength 
ratio as compared to hole diameter. The average stress criterion 
characteristic distance (𝑎0) is also provided which quantifies the distance of 
an existing crack to a specimen edge. As hole diameter increased, the 
𝜎𝑁/𝜎0 ratio decreased indicating a larger hole diameter reduces composite 
strength. 
However, if the distance of a hole to a specimen edge is increased, the 
detrimental effects of an introduced hole are decreased. Thus, spacing of 
holes is crucial factor. When 𝑎0 reaches a distance of 20 mm 𝜎𝑁/𝜎0 ratio 
remains constant regardless of hole diameter. This indicates the hole 
introduction had no effect on global composite properties if distance to a 
specimen edge can be significantly increased. This information allows 
designers to safeguard against hole to hole stress interactions. 
  





Soutis et al. [211] compared such hole to hole interactions for T800/924C 
carbon fiber epoxy laminates. For single-hole specimens a 5 mm hole was 
drilled into a 50 mm plate, which resulted in a 47% reduction in compressive 
strength. Comparatively double-hole specimens were also created and 
aligned both diagonally and horizontally to loading direction. It was found 
that a hole to hole spacing 4 times that of the hole diameter is required to 
ensure stress concentrations do not superimpose and further decrease 
compressive strength. 
It also important to note that the compressive strength of a laminate is 
heavily dependent on loading direction and fiber orientation. Kaltakci et al. 
[235] applied both the Hencky-Von Mises and Tsai-Hill stress criteria for 
altered fiber orientations in carbon fiber epoxy laminates (Figure 52). For 
tensile strength open-hole specimens performed best when fibers aligned 
0° and 90° to loading direction. As orientation deviated between these two 
values, open-hole tensile strength decreased. This trend is amplified for 
unnotched laminates. When considering compression, less variation in 
open-hole properties is experienced. Between 0° and 30° little change in 
compressive strength is observed. However, once fiber angle exceeds 30° 
a notable reduction in OHC strength occurs. The poorest OHC performance 
is attributed to a 90° fiber alignment. Comparatively compressive strength 
of unnotched specimens decrease rapidly as fiber direction deviates away 
from 0°. 





Figure 52: Effect of fiber alignment on tensile and compressive strength without (left) and without 
notch (right) Adapted from Kaltakci et al. [235]. 
Another consideration is stacking sequence. ASTM D4846 dictates that 
OHC specimens should be arranged in [45/0/-45/90]ns sequence. However, 
modification to this ply arrangement can severely affect open-hole 
compressive strength. Eng et al. [236] compared the effect of four ply 
stacking sequences on OHC strength. Results are presented in Figure 53. 
 
Figure 53: Effect of altered ply stacking sequence on OHC strength. [236]. 
While the number of plies and direction was equivalent for all laminates, the 
compressive strength of each is largely variable. Hence it is not only the 
number of plies and orientation, but how the stress can be dispersed 
amongst plies that can dictate performance. As such, an OHC laminate 
may fail in a collection of different ways. Within this thesis the OHC layup 
used was [45/90/-45/0]2S under specific guidance of industry partner 
consultation and requirements. 
Compressive Failure Mechanisms 
The methods in which a composite laminate may fail in compression 
includes shear crippling, plastic microbuckling, longitudinal splitting, fiber 
crushing, elastic microbuckling and matrix failure. To understand these 
modes of compressive failure the terms buckling and delamination must be 
accurately defined. Buckling refers to a large deformation in either 
compression or shear but does not necessarily correlate to composite 





further damage which may result in strength reductions and failure. 
Delamination refers to the separation of internal layers of a composite 
laminate due to high through thickness stresses. These terms and in depth 
exploration of composite failure modes can be found in the accompanying 
review by Orifici et al. [219]. For in depth evaluation of failure mechanics of 
isolated fibers or matrix constituents separately, refer to Hahn et al. [237]. 
Microbuckling can be defined as the local deformation usually in a sudden 
sideways direction caused by excessive compressive loading. In such an 
event buckling deformation may large enough to cause the member to 
collapse or initiate further damage modes which will cause composite 
failure. Plastic microbuckling occurs when the matrix being used is overly 
soft and susceptible to plastic deformation while elastic microbuckling 
denotes buckling deformation while the matrix remains in the elastic state. 
Elastic microbuckling can be calculated using Equation 19 derived by Lager 
et al. [238]. Where 𝑑 is fiber diameter, 𝐸 is fiber axial modulus, 𝜆 is the Euler 
buckling mode and 𝐺 is the in-plane shear strength. The compressive 
strength of a composite that has undergone plastic microbuckling can be 
estimated using Equation 20 derived by Fleck et al. [239] where ?̅? is kinking 
fiber rotation, 𝛽 kink band inclination angle, 𝑤 is kink band width, 𝑘 yield 
stress in longitudinal shear and 𝛾𝑌 is the yield strain in longitudinal shear. 


















As a result of microbuckling, shear crippling and longitudinal splitting 
may occur. Shear crippling is the failure mode in which fibers break due to 
high through thickness stresses causing breakage to occur as a result of 
gradual deformation and ultimately a kink band formation of fibers forming 
as shown in Figure 54. The kink band angles of a laminate depend on 
several factors including the reinforcing fiber used, material fatigue, loading 
speed and neighbouring reinforcement. Carbon/epoxy laminates are 






Figure 54: Carbon fiber going through the process of kinking. [240] 
Due to shear crippling, longitudinal splitting between fibers may also occur 
which is denoted by the fiber-matrix debonding of at the tip of the shear 
crippling zone. Longitudinal splitting may also be induced by the presence 
of voids and limited transverse support to fibers. Longitudinal splitting has 
been correlated to mode I fracture toughness via the Sammis-Ashby 
relation [241] (Equation 21) where 𝐹𝑃 is a porosity function, determined by 






Matrix failure is an interlaminar mode of failure which occurs in either resin 
rich zones within a composite or a resin layer between carbon fiber plies 
[219].  Failure in the matrix often results in the promotion of further damage 
mechanisms such as interfacial debonding and fiber breakage.  
Fiber failure is the event of a fiber being fractured in some way during 
loading of a composite. Fiber crushing however occurs when fibers are 
aligned axially to loading direction and an extremely strong interface with a 
high stiffness resin is used. Under these conditions sufficient lateral support 
is provided to fibers ensuring that they do not kink. As loading stress 
exceeds fiber compressive strength, fibers then begin to shatter. Failure is 
unlikely to occur if the carbon fibers have a highly ordered graphitic 
microstructure. In depth analysis of fiber crushing can be found in Gibson 





Equation 22 which is a derivation of the rule of mixtures where 𝜀𝑓𝑐 = fiber 
compressive strain. 
𝝈𝒄 = [𝒗𝒇𝑬𝒇 + (𝟏 − 𝒗𝒇)𝑬𝒎]𝜺𝒇𝒄 
Equation 22 
With all these failure mechanisms in mind it is beneficial to now have some 
prediction of the failure modes likely to occur in OHC laminates. Guynn et 
al. [243] documented failure micro-mechanisms of circular hole AS4/PEEK 
laminates. Compressive damage was observed to initiate in 0° plies at the 
unsupported section nearing the drilled hole. Microbuckling of fibers was 
the failure mode. Local delamination accompanied microbuckling shortly 
after to account for the larger interlaminar shear strains. However, 
delamination growth was steady and the specimen did not globally fail until 
microbuckling induced catastrophic failure. It was noted that surrounding 0° 
plies with ±45° can reduce microbuckling due to improvef transverse stress 
support. 
Soutis et al. [210] similarly observed the primary failure mechanism in OHC 
testing to be microbuckling of 0° plies. Failure was attributed to the greater 
axial stiffness that 0° plies. Matrix splitting and delamination were 
secondary modes of damage. Hahn et al. [237] observed for both T700 and 
T300 carbon fibers in epoxy resin that microbuckling of 0° plies initiated 
damage. Thereby, it is likely that OHC testing will lead to composites that 
fail due to microbuckling. The question is therefore can the interface have 
an impact on this mechanical property. 
Modelling may assist in providing some insight into this question and a 
possible failure responses. Atas et al. [244] developed a 3D progressive 
damage model of T800/924C carbon-epoxy OHC specimens. Both the 
Hashin and maximum shear stress criteria were compared to predict ply 
failure in compression. In both scenarios microbuckling occurred however 
the effective replication of matrix damage patterns was unsuccessful. Chen 
et al. [245] applied a cohesive zone model to investigate the effects of 
specimen thickness and hole size in OHC laminates. Simulated results 





representing matrix failure, partial delamination and total delamination 
events. 
It is worth noting, compressive strength is not only limited to unnotched and 
notched testing methods. Compression after impact (CAI) is another 
compressive test that induces through thickness stresses that may benefit 
from improving interfacial adhesion. While outside the scope for this thesis, 
literature exists comparing impact damage responses of composites. As 
impact commonly induces delamination, fracture mechanics is again called 
on to understand material response. Thereby relevant future work may the 
investigation of CAI strength of composite laminates with modified surface 
treatments. Readers interested in comparing CAI and OHC performance 




















Within this chapter CFRP composites have been explored to understand 
the benefits and existing limitations facing composites. Namely, interfacial 
debonding as a weakness to composite performance is highlighted. 
Electrochemical oxidation and sizing treatment are techniques that are 
currently being used to address interfacial debonding. However due to 
contradictions in existing research there is no clear answer on how poor 
fiber-matrix adhesion should be addressed. The truth may be conditional to 
each fiber-matrix combination, but further research is needed to ensure 
sufficient understanding of the interface and its bonding mechanisms is 
established. A systematic approach to fiber fabrication and surface 
treatments is a much-needed step in the right direction.  
Similarly, IFSS values conducted at a microscale must be translatable to 
mesoscale and macroscale composites. While macroscale improvement is 
an important goal of materials researchers, there is limited research 
consolidating the link between different mechanical tests and scale and 
how interface manipulation may influence translatability. 
Furthermore, the progression of microscale IFSS improvements must also 
be developed so that they can improve common engineering problems, 
such as the detrimental impact of open holes in composite parts. This novel 
yet required step is another cornerstone of this thesis establishing the 













This project will attempt to improve understanding of interfacial adhesion 
and mechanical performance by investigation the effects of electrochemical 
oxidization and sizing treatments for carbon fiber epoxy composites. The 
following research questions, aims and sub-objectives are to be answered. 
Research Question 
How does electrochemical oxidization and sizing treatment effect interfacial 
adhesion and mechanical performance of carbon fiber epoxy composites. 
Aims 
1. Understand the effect of electrochemical oxidation amperage to improve 
interfacial adhesion of pristine carbon fibers in an epoxy resin. 
2. Understand the effect of sizing emulsion ratio to improve interfacial adhesion 
of carbon fibers to an epoxy resin. 
3. Determine if electrochemical oxidation and sizing treatment work using the 
same bonding mechanisms. 
4. Understand if relative improvements by oxidation and sizing mask one 
another. 
5. Identify trends and sensitivities to interfacial adhesion test methodologies 
caused by electrochemical oxidization and sizing across common microscale, 
mesoscale and macroscale tests.  
6. Determine if carbon fiber surface treatments can improve open-hole 









 Understand how microscale interfacial shear strength (IFSS) to chemical, 
topological and mechanical performance data. 
 Identify the primary bonding mechanisms that improves fiber-matrix adhesion 
in pristine carbon fibers. 
 Examine and comment on test methodology sensitivity with respect to 
surface treatment variables. 
 Compare optimal surface treatment parameters to open hole compressive 
strength. 
 Associate a tow-level test to microscale and mesoscale testing parameters. 
 Develop a novel weaving methodology that allows for the creation of unsized 
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Chapter 3 entitled “Effects of carbon fiber oxidation parameters and 
sizing deposition levels on fiber-matrix interfacial shear strength” 
investigates electrochemical oxidation and sizing ratio. Pristine carbon 
fibers were manufactured with control surface treatment conditions 
resulting in fifteen carbon fiber variants. Extensive characterisation of these 
fiber variants for chemical, topological and mechanical performance 
differences was conducted to understand what the causes of effects in 
IFSS at the microscale are. 
This chapter provides the foundation on which all future chapters are built. 
The research questions answered are: 
1. Understand the effect of electrochemical oxidation amperage to 
improve interfacial adhesion of pristine carbon fibers in an epoxy 
resin. 
2. Understand the effect of sizing emulsion ratio to improve interfacial 
adhesion of carbon fibers to an epoxy resin. 
3. Determine if electrochemical oxidation and sizing treatment work 
using the same bonding mechanisms. 
This chapter further expands existing knowledge in interfacial science by 
being the first to compare oxidation amperage and sizing emulsion ratio 
simultaneously. As such, the following research objective is answered. 











Contribution of Work Statement (Chapter 3) 
Filip Stojcevski was responsible for and contributed the following to chapter 3: 
 The manufacturing of all 15 fiber types used with the assistance of Carbon Nexus 
facilities and personnel. 
 The creation and mechanical testing of 180 SFFT test specimens. 
 Polarised optical microscopy and measurement of all single fiber fragment lengths for 
the 180 SFFT specimens tested. 
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A B S T R A C T
This paper investigates fifteen fiber types against two epoxy resin systems and the effects of altering electro-
chemical oxidization conditions and sizing deposition ratio on interfacial shear strength (IFSS). Oxidization
current was altered between 0, 2, and 3.4 A while sizing deposition ratio was altered between unsized, 1:10, 1:15
and 1:20 parts sizing to water. Desized fibers were also compared against pristine unsized fibers. Results show, a
correlation between increasing current and IFSS, however sizing has an optimal ratio for best performance.
Improvements through oxidization are attributed to the introduction of oxygenated functional groups on the
fiber surface while improvements due to sizing are attributed to the promotion of a chemically active inter-
mediate layer between the fiber and resin. Fiber roughness was seen to play no effect on IFSS. Desized fibers and
unsized fibers had similar IFSS results however characterisation shows chemical composition of the fiber sur-
faces to be very different.
1. Introduction
With their high strength to weight ratios contributing to reduction
of component structural mass, carbon fiber reinforced polymers have
already made a notable mark on the engineering industry [1]. While
carbon fiber composites are synonymous with high performance ma-
terials, micro-cracking, a known failure mechanism of these materials
commonly arises as a result of a weak interface between fibers and
resin. One means to obviate this limitation is to chemically modify the
surface of carbon fibers to promote fiber/resin compatibility, which
typically results in a simultaneous increases in fiber/matrix adhesion
[2–4]. For this reason surface treatments have become of intense in-
terest, with a number of reviews published on the topic recently [5–7].
Over the past decade many oxidative and non-oxidative techniques
have been employed to etch [8–10], roughen [11,12], and alter surface
chemistry [10,13,14] with varying degrees of success. Whilst much of
this research demonstrates enormous promise, uncertainties still remain
in interfacial science.
Academic consensus between the relative contribution of different
bonding mechanisms, namely chemical adhesion, mechanical inter-
locking or fiber wetting, that constitutes an improved interfacial bond
remains contested. The influence of several manufacturing variables
during carbon fiber fabrication and final interfacial performance is also
unclear, as is the relationship among these variables. Likewise perfor-
mance comparison among sized, desized and pristine virgin fibers re-
mains ambiguous requiring further study.
In this work we have used a pilot scale carbon fiber line (www.
carbonnexus.com.au) for the manufacture of virgin carbon fibers to
enable the examination of bonding interactions in an industrially re-
levant manner. The goal is to clarify the effects of two processing
parameters; electrolytic bath amperage and sizing deposition ratio, on
interfacial shear strength (IFSS). It is generally agreed that the surface
treatment is critical to ensure improved IFSS [13–15]. Studies have
attributed the importance of the electrochemical oxidization to be the
removal of weakly bound graphite from the surface of the fiber and the
introduction of polar functional groups (e.g. carboxylic acids, phenols,
ketones, etc.) [7,11]. However no systematic study on varying elec-
trochemical amperage and subsequent effects on IFSS has been con-
ducted. Conversely, the influence of sizing compatibility and whether
its effects are beneficial [8,16–18] or detrimental [12,13,19] to IFSS
performance have not reached a unified scientific consensus. This
convolution alone constitutes the requirement for further research but
by adding manufacturing variables such as the effects of oxidization,
the requirement for this research becomes crucial (see Table 1).
Conflicting literature is also observed within studies claiming me-
chanical interlocking to improve IFSS [12,19] while others show no
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evidence of this [20] . Similarly contentions supporting polar functional
groups [8,10,19,20] and dispersive functional groups respectively
[13,18] as the key contributor of improved IFSS highlight gaps in sci-
enti c understanding that require further exploration [7,21] . The truth
may be more complex and rather than a uniform answer, may be a
matter of ber-resin compatibility to be considered on a case by case
basis [22]. In either case further fundamental research is required.
Reasons for these aforementioned discrepancies are likely due to
numerous factors. Firstly, the constituents of commercial sizings are
typically not publicly known and thus a comparison of two sizings may
not be strictly scienti c as more than one variable may be changed
without control. Secondly the ability to examine both surface treat-
ments and sizings separately and simultaneously to observe any
masking or interaction e ects has not been a orded to researchers
without access to a commercial manufacturing line. This has fostered a
third issue, with bers in the majority of previous studies that rst
desized and then subsequently resized or surface treated as sizing is
routinely applied in the manufacture of commercial ber [13,15].
Undoubtedly this process introduces further variability in testing con-
trol which may not necessarily give an accurate representation of virgin
carbon bers.
In this work, we report our ndings focussing on the e ects of
surface treatment and sizing processes on IFSS. These manufacturing
e ects are observed individually (i.e. impact of only sizing or only
oxidization), and simultaneously (impact of both sizing and oxidization
together). Results of treated pristine bers are also compared against
bers that have been desized and then treated to understand if the
desizing process alters the subsequent IFSS. Extensive physical and
chemical characterisation was done on all bers to compile an accurate
understanding of ber properties.
It was concluded that each of these processes (surface treatment and
sizing) improved IFSS independently with no masking e ects in uen-
cing results. Improved IFSS was observed to be a factor of both chemical
modi cation introducing active groups to the surface and sizing dis-
persion encouraging a greater ber/ matrix compatibility at the inter-
face. Mechanical interlocking (improvement in interfacial adhesion
attributed to ber surface roughness) was not seen to play any statis-
tically signi cant role on IFSS. Desized bers were also observed to
provide mixed results suggesting that they may not necessarily be re-
presentative of pristine bers.
2. Material s and methods
2.1. Raw materials
2.1.1. Carbon bers
CFs were manufactured from a polyacrynitrile (PAN) precursor
sourced from Jilin Chemical Industrial Company (China). Fiber tension
was maintained at approximately 600 cN during fabrication.
Stabilisation oven temperature was increased from 230 °C to 260 °C
across 4 heating regions, each 20 m in draw length. Across the low
temperature (LT) and high temperate (HT) carbonisation furnaces,
temperature increased from 650 °C to 850 °C (LT) and 1100 °C to
1450 °C (HT) respectively. Combined LT and HT furnace draw length
was 6 m.
Following carbonisation, bers underwent electrochemical oxidi-
zation and sizing treatment. These are the two variables being
considered within this investigation. Ammonium bicarbonate with a
conductivity of 20.4 mS/ cm was used as the treatment electrolyte. The
amperage passing though the electrolytic bath was altered among 0 A
(unoxidized), 2 A and 3.4 A. After oxidization, bers were washed using
DI-water and dried before entering a sizing bath. Sizing solution was
created by dissolving Epoxy 834 (Hexion, USA) into water and thor-
oughly mixing. The ratio of Epoxy 834 sizing to water was varied
among 1:20, 1:15 and 1:10. Unsized bers were also manufactured. All
bers underwent a nal drying process before being spooled and
packaged.
It is especially with noting that due to the strict control of electro-
lytic conductivity, amperage and voltage are not able to be decoupled
during electrochemical oxidization. Thereby an increase in amperage
also increases voltage. Under the 2 A condition a 12.6 V potential was
applied while the 3.4 A condition used 18.0 V potential. While for the
remained of this report ber conditions will be referred to by their
“ amperage condition”  the reader is encourage to keep in mind the re-
lationship that exists between voltage and current.
By altering the electrochemical oxidization bath amperage and
sizing the following 12 bers were manufactured. Codes 0 A, 2 A and
3.4 A denote oxidative treatment (0 A, 2 A and 3.4 A, respectively), and
S0, S20, S15, S10 denote sizing ratios (Unsized, 1:20 thinly sized, 1:15
moderate sized, 1:10 heavily sized, respectively).
Three bers were also desized to compare performance against
pristine bers. A small batch of pristine bers with a 1:15 sizing ratio
was cut and subjected to soxhlet extraction in acetone at 70 °C for 20 h.
They were then air dried ready for testing. Code letter D denotes the
desized bers.
2.1.2. Resins
Two epoxy resins were used in testing. Resin one was RIMR 935
mixed with RIMH 937 hardener at a 1:04 parts by weight ratio (Hexion,
America). Resin two was a mixture of Bisphenol A diglycidyl ether
(DGEBA) mixed with 4,4 -Diaminodiphenylmethane (DDM) at a weight
ratio of 1:0.3 (Sigma-Aldrich, Germany). Both resins were cured at
room temperature for 48 h, then post cured at 100 °C for 12 h. Each
matrix will be referred to as resin one or resin two for the remainder of
this paper for simplicity, unless resin chemistry is speci cally con-
sidered. FT-IR spectra of each resin is available in the electronic
Supplementary Information (ESI).
Supplementary data associated with this article can be found, in the
online version, at https:/ / doi.org/ 10.1016/ j.compositesa.2018.08.022.
2.2. Testing
2.2.1. Tensile strength of single CF
Fiber tensile strength and modulus was determined using a Favimat
single ber tester (Textechno H. Stein, Germany). Single bers at a
length of 5 mm were loaded between two clamps with a 0.8 g pre-
weight attached. The Favimat robot then tensions the bers to failure.
Elongation, linear density, Youngs modulus and tensile strength at
failure were recorded. 60 samples of each ber type were tested.
A Weibull probability (P) distribution was performed for all ber
con gurations. This two-parameter probability analysis provides the
cumulative probability of each carbon ber con guration to undergo
premature failure. A linear distribution of data points denotes con-




is the applied tensile strength,  m  is the Weibull shape parameter/
modulus and 0 is the characteristic ber stress. For each ber con g-
uration the tensile strength results were arranged from smallest to
largest and P for each data point was determined using the median rank
method:
Table 1
Fiber classi cations table within this study.
Unsized (S0) Desized (D) Sized (S20) Sized (S15) Sized (S10)
0 A 0 A-S0 0 A-D 0 A-S20 0 A-S15 0 A-S10
2 A 2 A-S0 2 A-D 2 A-S20 2 A-S15 2 A-S10
3.4 A 3.4 A-S0 3.4 A-D 3.4 A-S20 3.4 A-S15 3.4 A-S10









where  n  is the total number of samples run (n = 60) for the given
con guration and  i  is the tenacity ordered rank.
Using a linear regression of the data points the Weibull shape
parameter and characteristic stresses are determined. These are re-
quired in determining the IFSS for SFFT (Section 2.2.2).
2.2.2. Single ber fragmentation testing (SFFT)
To manufacture SFFT test specimens, single bers were isolated
from pristine tow bundles and cut to a 45 cm length. At either end of the
single ber, sticky tape was folded and a wooden peg attached to the
bers. Using the pegs, bers were then movable and placed in a spe-
cially designed silicon mould and pre-tensioned at 3.4 mN by the
weight of the pegs on either side. Resin was then carefully ejected into
the silicon mould using a 3 mL syringe and allowed to cure (refer to
Section 2.1). Following post cure, samples were demoulded and po-
lished to remove any imperfections (Fig. 1).
Samples were then loaded into a 50 kN Instron machine where
mechanical jaw clamps were tightened to the dog-bone ends allowing
an e ective elongation length of 25 mm. Bluehill-3 software was used
to create a loading program in accordance with SFFT testing protocol
[23]. An elongation loading rate of 0.05 mm/ min was used. Each
sample was loaded for 50 min.
SFFT works by using the di erences in elongation properties be-
tween the resin and carbon bers. As the micro-composite samples are
loaded, stress at the interface between the ber and resin increases.
Stresses at the interface ultimately reach a level that exceeds the tensile
strength of bers and the ber fragments. As loading continues ber
fragmentation is repeated until the stress transfer at the interface can no
longer reach the ber fracture strength required. This point is known as
fragment saturation. Dependent on the quality of the interfacial bond
the average fragment lengths at saturation will vary. A strong interface
requires less area to facilitate a greater level of stress transfer causing
smaller but more numerous fragments. For further information of
fragment patterns and SFFT interested readers can refer to references
[24–26].
Subsequent to Instron loading, samples were examined under a
polarised optical microscope to measure fragment length. An Olympus
DP70 Optical Microscope was used to measure fragment length and the






By calculating the critical crack length,  lc, and introducing the
tensile strength values obtained in Section 2.2.1, IFSS was calculated








2.3.1. Atomic force microscopy (AFM) analysis
Surface roughness of bers was determined using contact mode
atomic force microscopy (AFM). A Bruker Dimension SPM 3000 mi-
croscope was used at a 0.5  µ m/ min scan rate. A cantilever tip with a
spring constant of 0.12 N/ m and silicon nitride pyramid probe was
used. 3 individual bers per ber variant were mounted on glass slides.
27 images were taken on a 1 × 1  µm scale and 9 images on a 3 × 3µm
scale for each ber type.
Images were imported to NanoScope Analysis 1.4 software and a
second order attening applied to remove any ber curvature.
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where Z(x) is the depth of peaks and troughs on the ber surface and L
is the length of scan.
2.3.2. Contact angle and surface free energy
Wettability refers to the ability of a solid material to create a
common interface with a liquid. This characteristic is governed by
surface free energies of both the liquid and solid surface. As the polar
and dispersive surface energy components of liquids are known, bers
can be suspended into various liquids and data extrapolated from the
subsequent meniscus angle formed. Further in-depth analysis of the
contact energy methods can be found in references [12,27,28].
Youngs equation (Eq. (4.1) establishes the phenomenon of ther-
modynamic wetting that describes the impact of a contact angle being
created between a ber and resin [19,20] .
= + cos( )SV SL LV (4.1)
where SL is the surface tension at the solid-liquid interface, LV the li-
quid-gas interface, SV the solid gas interface and is the equilibrium
contact angle. From this foundation several methods of subcategorising
surface energy into dispersive (D) and polar (P) energy are available.
Within this study the Owens-Wendt-Rabel-Kaelble (OWRK) method was











Through mathematical derivation the Owens-Wendt equations can
be rearranged into the following:









Eq. (4.5) presents a rearrangement that follows a linear equation
format ( = +y mx c) which is extrapolated by plotting contact angle
data points. The squared values of both the vertical axis intercept and
gradient in the linear equation are dispersive and polar surface energy














Contact angle testing was conducted by dipping the carbon ber
tows into four di erent solvents with varying polar and dispersive
properties. The subsequent meniscus created by this ber/ solvent in-
teraction was recorded and surface energy calculated using Eq. (4.5).
The solvents used were deionised water ( L = 72.8 mN/ m,
L
D = 22 mN/ m, L
P = 50.7 mN/ m), heptane ( L = 20.1 mN/ m,
L
D = 20.1 mN/ m, L
P = 0 mN/ m), glycerol ( L = 63.4 mN/ m ,
L
D = 37 mN/ m, L
P= 26.4 mN/ m) and methanol ( L = 22.5 mN/ m ,
L
D = 18.2 mN/ m, L
P = 2.6 mN/ m).
Fig. 1.  Single ber fragment testing dog-bone specimen. (For interpretation of
the references to colour in this gure legend, the reader is referred to the web
version of this article.)
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An Attension Contact Angle instrument with a high resolution di-
gital camera was used for measurement. Attension Theta software re-
corded meniscus formation and contact angle.
2.3.3. X-ray photon spectroscopy (XPS)
XPS analysis was performed using an AXIS Ultra-DLD spectrometer
(Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα
source (hν=1486.6 eV) at a power of 150W (15 kV×10mA), a
hemispherical analyser operating in the fixed analyser transmission
mode and the standard aperture (analysis area: 0.3mm×0.7mm). The
total pressure in the main vacuum chamber during analysis was typi-
cally below 10−8 mbar.
Bundles of fibres were suspended across a custom-designed frame
attached to standard sample bars. This ensured that only the sample to
be analysed was exposed to the X-ray beam and that any signal other
than that originating from carbon fibres was excluded. Each specimen
was analysed at a photoelectron emission angle of 0° as measured from
the surface normal (corresponding to a take-off angle of 90° as mea-
sured from the sample surface). However, since the microscopic emis-
sion angle is ill-defined for fibres the XPS analysis depth may vary
between 0 nm and approx. 10 nm (maximum sampling depth). Data
processing was performed using CasaXPS processing software version
2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were
identified from survey spectra (acquired at a pass energy of 160 eV). To
obtain more detailed information about chemical structure, C 1s, O 1s
and N 1s high resolution spectra were recorded at 40 eV pass energy
(yielding a typical peak width for polymers of 1.0 eV). If required these
data were quantified using a Simplex algorithm in order to calculate
optimized curve-fits and thus to determine the contributions from
specific functional groups. The atomic concentrations of the detected
elements were calculated using integral peak intensities and the sensi-
tivity factors supplied by the manufacturer. Atomic concentrations are
given relative to the total concentration of carbon as follows: the con-
centration of a given element X was divided by the total concentration
of carbon and is presented here as the atom number ratio (or atomic
ratio) X/C. This value is more robust than concentrations when com-
paring different samples. Binding energies were referenced to the ali-
phatic hydrocarbon peak at 285.0 eV. The accuracy associated with
quantitative XPS is ca. 10–15%. Precision (i.e. reproducibility) depends
on the signal/noise ratio but is usually much better than 5%. The latter
is relevant when comparing similar samples.
3. Results and discussion
3.1. Physical characterisation of fibers
Table 2 provides the tensile strength of the fibers examined within
this study. Few statistically significant changes were observed across
each sizing fiber set, suggesting that the surface treatment bath did not
irreversibly damage the fibers through the introduction of fiber surface
defects. Minor discrepancies may be explained by the unavoidable
variations in control and environmental parameters observed during
manufacturing. However of all fiber sets the S10 fibers had the lowest
tensile strength. It must be noted authors of this study are not attri-
buting this drop to manufacturing. Rather the tensile strength reduction
is theorised to be an introduced flaw during single fiber extraction from
pristine tow bundles. In testing of single fibers mechanical properties
(Section 2.2.1), fibers were extracted from tow bundles. The authors
observe that the S10 sized fibers create an extremely sticky and difficult
to separate tow bundle. This issue was not as prevalent in any other
condition which fray easily when not under tension. Whilst challenging
to extract fibers, it was still possible, however, the effort required was
highly likely to introduce defects.
Table 3 provides the Youngs modulus of fibers being investigated in
this study. Variation amongst all fibers excluding the S10 sized fibers
were found to be within statistical error margins. S10 sized fibers
showed an average modulus reduction of 10–15 GPa however with
consideration of error margins, these reduction are not excessive but
are noted for research transparency. Cause of modulus reduction are
not attributed to the use of sizing but rather an influence of tensioning
and environmental variation across the LT and HT furnaces. Fibers
showing statistically different results are marked in Table 3 accord-
ingly. All fibers listed are still being considered applicable for this study
in examining the effects of sizing and oxidization impact.
Additional characterisation data such as elongation at break,
linear density, and failure stress are provided in the electronic
Supplementary Information (ESI).
3.2. Interfacial shear strength
3.2.1. Amperage effects
Complimentary data relating to Fig. 2 are found in Table 4. Fig. 2
shows IFSS results of fibers embedded in resin one. Results are grouped
according to oxidization bath amperage. Blue represents 0 A treated
fibers, black represents 2 A treated fibers and red represent 3.4 A
treated fibers. This colour grouping is also used in Fig. 3.
By categorising IFSS results into common amperages, the effects of
varying sizing deposition level (S0, S20, S15 and S10) is observable.
Results in Fig. 2 show that across all three categories unsized fibers (S0)
performed poorest with respect to their sized counterparts suggesting
that sizing is beneficial to interfacial adhesion. Conversely the best
performing fibers in all cases were those sized with moderate sizing
(S15). The difference between unsized fibers and the S15 sized fibers
was 11.4MPa, 12.7MPa and 12.5MPa respectively for 0 A, 2 A and
3.4 A. These correspond to increases of 56.1%, 44.3% and 38.4% re-
spectively between unsized and S15 sized fibers.
This trend creates a parabolic curve that suggests sizing to have an
optimal point for improved adhesion. Fibers that used excessive thick
(S10) or thin (S20) sizing ratios were found to have IFSS significantly
less than the S15 optimised point and not within error margins.
However in these cases, average IFSS performance was still improved
on unsized fibers. These results concluded two things. Firstly an epoxy
sizing in an epoxy matrix was found to improve IFSS. This observation
fits conclusions drawn by previous researchers that concluded epoxy
sizings is a means to improve IFSS in epoxy resins [29,14,30]. Secondly
the sizing to water ratio for water emulsified sizings can be optimised to
improve IFSS for all three different amperage groups.
Fig. 3, with corresponding data available in Table 5, shows the ef-
fects of fibers in resin two. IFSS results using this resin were similar to
those for resin one (see Fig. 2), however IFSS magnitudes were less
pronounced across the three sized fiber categories. Unsized fibers again
provided the lowest IFSS results under each amperage category with the
only outlier being at 0 A where the unsized and S10 fibers performed
near identically. Conversely S15 treated fibers provided the highest
Table 2
Tensile strength (MPa) of fibers manufactured in this study.
Current Unsized (S0) Desized (D) Sizing (S20) Sizing (S15) Sizing (S10)
0 A 3.59 ± 0.84 3.91 ± 0.75 3.92 ± 0.73 3.42 ± 0.77 3.20 ± 0.65
2 A 3.70 ± 0.60 3.58 ± 0.70 3.73 ± 0.77 3.67 ± 0.89 3.32 ± 0.66
3.4 A 4.10 ± 0.72 3.97 ± 0.60 3.85 ± 0.66 3.54 ± 0.86 3.34 ± 0.66
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IFSS in all cases. Variance between S20, S15 and S10 was within sta-
tistical di erence in the 2 A and 3.4 A conditions however trends still
notable. The di erence between unsized (S0) and S15 bers across the
0 A, 2 A and 3.4 A categories respectively was 14.9 MPa, 11.9 MPa and
17.4 MPa. These correspond to increases of 55.2%, 44.9% and 53.8%
respectively, which correspond strongly to the outcomes observed for
resin one.
The trends of Fig. 3 leads to similar conclusions drawn from Fig. 2.
In that sizing improves IFSS and that there is an idealised ratio that may
be optimised to enhance IFSS performance. This idealised ratio was not
as pronounced using resin two suggesting resin chemistry does play a
role on IFSS and subsequent compatibility to sizing. The use of a sizing
that leads to low sensitivity with respect to ratios and IFSS can gen-
erally be considered advantageous to manufacturing from a process cost
and robustness perspective.
3.2.2. Sizing e ects
Fig. 4, with complimentary data in Table 6, shows the IFSS results of
bers embedded in resin one organised and grouped by sizing content.
Results are colour coordinated according to the sizing condition. Blue
represents unsized (S0) bers, black represents S20 bers, red re-
presents S15 bers and green represents S10 bers. This colour classi-
cation is also applied to Fig. 5.
The results in Fig. 4 show matching trends in that bers that did not
undergo any electrochemical oxidization (0 A) result in the lowest IFSS,
and a direct positive correlation between increased amperage during
oxidization and IFSS exists. Increases in IFSS from 0 A to 2 A conditions
were 8.3 MPa, 5.4 MPa, 9.6 MPa and 9.9 MPa for the unsized, S20, S15
and S10 sizing categories respectively. These values correspond to a
40.9%, 20.8%, 30.2% and 35.4% increase in IFSS respectively across
said categories. Comparatively increases from the 0 A to 3.4 A condition
were 12.2 MPa, 6.8 MPa, 13.3 MPa and 9.8 MPa for the unsized, S20,
S15 and S10 sizing categories. This equate to increases of 59.7%,
26.3%, 41.7% and 35.1% accordingly.
Increasing amperage during oxidization increases IFSS from
between 26.3% to up to 59.7% for 3.4 A and 20.8% to 40.8% for 2 A.
Improved performance was observed across all four sizing levels sug-
gesting that sizing does not mask the improvements introduced by the
oxidization process. Unsized bers were seen to have the highest re-
lative percentage increases in IFSS. Overall the results in Fig. 4 de-
monstrate increased amperage during electrochemical oxidization can
indeed improve IFSS.
Fig. 5 (corresponding data in Table 7) shows the e ects of increased
amperage with respect to sizing groups for resin two. Similar trends
were observed to those in Fig. 4, however increases were less promi-
nent. For all four sizing groups, IFSS was increased with greater current.
For the unsized sizing group, negligible increase occurred from 0 A to
2 A however a 5.3 MPa (19.7%) increase occurred when treated with
3.4 A. Under the S20 condition both 2 A and 3.4 A treatments increased
IFSS by 3.6 MPa (10.9%) and 7.6 MPa (22.9%) respectively. The dif-
ferences between 2 A and 3.4 A treatments were within standard de-
viation margins. For both the S15 and S10 sized bers, average IFSS
increased with ampli ed oxidization current. For S15 bers these in-
creases correspond to 7.6 MPa (22.1%) and 10.0 MPa (29.2%) for 2 A
and 3.4 A respectively and for S10 these increases equated to 11.5 MPa
(41.6%) and 15.3 MPa (55.6%) respectively. Results suggest that for
both resins, using an increased oxidization amperage will improve in-
terfacial adhesion of bers.
3.2.3. Concurrent e ects
From Sections 3.2.1 to 3.2.2 it has been observed that both in-
creased amperage and optimal application of sizing can both improve
IFSS. Results showed two distinct trends that do not seem to interfere
with one another. Namely the application of sizing did not seem to
mask improvements induced by increased oxidization amperage, and
the e ects of sizing deposition were consistent across all oxidization
currents.
However reasonable thought process formulates a question re-
garding interdependency. Do both these treatments work in-
dependently to improve IFSS using di erent mechanisms, or are they
Table 3
Youngs Modulus (GPa) of bers manufactured in this study.
Current Unsized (S0) Desized (D) Sizing (S20) Sizing (S15) Sizing (S10)
0 A 256.2 ± 14.9 256.7 ± 5.9 257.7 ± 6.3 251.6 ± 5.9 240.1 ± 16.4
2 A 259.2 ± 6.0 257.8 ± 5.2 257.6 ± 6.2 252.7 ± 11.2 232.9 ± 11.4
3.4 A 263.7 ± 7.3 256.6 ± 5.0 252.8 ± 11.5 251.8 ± 9.6 238.9 ± 13.1
Fig. 2.  E ects of sizing on IFSS for bers embedded in resin one. (For interpretation of the references to colour in this gure legend, the reader is referred to the web
version of this article.)
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working concurrently together? This paper is in a unique position to
explore this question as two variables were isolated during fabrication
thereby eliminating external noise and allowing a multi-variant analysis
to be conducted.
A simple way to assess interdependency is to isolate IFSS im-
provements attributed speci cally to sizing treatments and electro-
chemical oxidization amperage separately. If the increases observed
work independently from one another then IFSS for bers that undergo
both treatments should be predictable by combining results of each
independent treatment (Eq. (5). If improvements work concurrently
together then predictions will be underestimated suggesting a crossover
of mechanisms. Table 8 provides the increases in IFSS attributed to each
treatment respectively as observed in testing of resins one and two.
(Raw data refer to Sections 3.2.1 and 3.2.2).
By combining the increases of sizing and oxidization amperage in
Table 8 together, the IFSS of remaining bers that underwent both
treatments can be predicted (Eq. (5). Table 9 shows the predicted IFSS
results and the and experimentally determined IFSS of bers that had
undergone both treatments. The deviation of predicted versus real re-
sults is also presented.
= + +Predicted Control SIZING Am ps. (5)
Deviation calculations show a mixture of results. When considering
resin one, the margin between predicted results and reality was below
10% for all bers excluding TH-S20, with half of all predictions within
4% accuracy. Comparatively, in resin two, the deviation in prediction
increased to be between 10% and 27% for all but one of the ber cases.
Hence the ability to predict IFSS due to treatment conditions is less
accurate in resin two. This was somewhat expected as Figs. 3 and 5 in
Sections 3.2.1 and 3.2.2 showed less pronounced di erence between
IFSS values than their respective resin one counterparts. It is also no-
teworthy that in each case for resin two the measured IFSS was no-
ticeably higher than the predicted value. For resin one the measured
value were a mixture of slightly higher or lower.
From these Table 9 predictions authors conclude the following.
Sizing and electrochemical treatment are working independently from
one another to improve IFSS as suggested by the high accuracy of
predictions of resin one. The mechanisms by which they are doing so
are further explored later in this paper. However dependant on resin
selection these mechanisms may show varied levels of overlap and
convolution as suggested by the discrepancy between resin one and two
predictions. Importantly two mechanisms seem to be active in im-
proving IFSS.
3.2.4. Desizing e ect
Fig. 6 (complimentary data in Table 10) shows the comparison of
IFSS results of pristine unsized bers (S0-T0, S0-TM, S0-TH) and de-
sized bers subject to three oxidization amperages. SFFT was conducted
with bers embedded in resin one (blue) and resin two (red).
For bers embedded in resin one, IFSS was near identical for all
three oxidization amperages with deviations falling within standard
deviation margins. This suggests that ber that have been desized
through soxhlet extraction can provide IFSS representative of pristine
bers. Average deviation across pristine and desized bers in resin one
was below 7.0%.
For bers embedded in resin two a mixture of results was observed.
Fibers that had undergone electrochemical oxidization at 2 A were
found to have near identical IFSS values with only a 0.9% margin of
di erence. Under this oxidization, pristine and desized bers were
considered matching. However for unoxidized bers (0 A) and 3.4 A
oxidized bers IFSS was statistically di erent. Pristine unoxidized bers
had on average a 4.7 MPa larger IFSS, and 3.4 A oxidized bers a
5.4 MPa increase. Under both these conditions pristine bers performed
better. This inconsistency between IFSS values in the two resins may
suggest that resin compatibility may play a considerable role when
considering if desized and pristine unsized bers may be considered
representative. However, as resin one showed they may provide an
e ective means to further our understanding of materials science
Table 4
IFSS values with standard deviations for bers in resin one (Fig. 2).
0 A 2 A 3.4 A
Unsized S20 S15 S10 Unsized S20 S15 S10 Unsized S20 S15 S10
IFSS 20.37 25.96 31.80 27.95 28.70 31.37 41.41 37.84 32.54 32.78 45.05 37.75
SD. 1.4 1.0 2.5 3.1 2.0 1.0 1.8 1.6 1.1 2.5 1.6 1.4
Fig. 3.  E ects of sizing on IFSS for bers embedded in resin two. (For interpretation of the references to colour in this gure legend, the reader is referred to the web
version of this article.)
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especially for researchers limited by access to pristine bers.
3.3. Characterisation
3.3.1. Roughness e ects
The roughness of the bers in this study were determined using
AFM (see Section 2.3.1). Ra values of pristine bers are presented in
Fig. 7 with corresponding data in Table 11. Fibers were grouped ac-
cording to sizing arrangements. Unsized bers were observed to have
the largest Ra roughness and standard deviation amongst results. Un-
sized bers also showed no clear trend of increasing or decreasing
roughness with increased oxidization amperage. Coupled with the large
error bars, it could not be su ciently concluded that increased oxidi-
zation amperage altered the surface roughness to a notable degree for
unsized bers. This result is contrary to some studies that have ob-
served oxidization treatment to exfoliate the outermost ber surface to
smoothen roughness [18,19].
Conversely S20, S15 and S10 sized ber conditions were found
decrease Ra between 7.2 nm and 12.8 nm, equating to 22% and 40%
reductions respectively, compared to the smoothest of unsized bers
(S0-3.4 A). Thus sizing signi cantly smooth the ber surface. Across all
three sizing groups average roughness was decreased as the oxidization
amperage increased. Although error margins showed some overlap,
there was a clear trend of average decreasing roughness. Across the
S20, S15 and S10 bers average roughness decrease between untreated
0 A and 3.4 A bers was 4.3 nm (17.7%), 4.4 nm (17.2%) and 3.6 nm
(15.5%) respectively. Hence sizing was found to smoothen the ber
surface and as oxidization increased surface Ra decreased marginally
for sized bers.
Fig. 8 above (complimentary data in Table 11) shows the compar-
ison of Ra roughness’s between pristine unsized bers and desized -
bers. Two outcomes were observable. Firstly through desizing, average
surface roughness of bers was decreased by between 9.2 nm and
11.3 nm when compared to the smoothest unsized ber. Thus desizing
undoubtedly smoothened bers however the means by which this is
done is somewhat unclear. By comparing surface roughness of desized
bers to those of the sized bers, negligible roughness variation is
observed. It is theorised that desizing has removed the sizing on the
ber surface (as supported by XPS data in Section 3.3.2) however with
this process, so has the thin outer layer of carbon that has bonded to the
sizing. Consequently the remaining surface was smoothened.
The second outcome is that desized bers did not show any notable
trend related to oxidization amperage. Interestingly desized roughness
values fall within average roughness for all sized ber groups between
21.4 nm and 23.5 nm. However no trend of smoothening with increased
oxidization amperage such as those for sized bers was observed. Hence
desized bers would appear to be less sensitive to oxidization e ects
however exhibit the same roughness values as sized bers.
3.3.2. Chemical characterisation of bers
With the physical properties of these bers characterised, attention
turned to examining the surface chemistry via X-ray photoelectron
spectroscopy (XPS). This technique is extremely surface sensitive, with
typical sample depths being around 10 nm, and can provide informa-
tion on the elemental composition and oxidation state of the ber
surface. While XPS studies of oxidised bers have been conducted
previously [8,10] these typically use desized carbon bers, which is not
necessarily typical of an unsized carbon ber. It is important to note
that XPS of carbon ber surfaces is typically challenging. Because of the
heterogeneity of the ber surface and the complex surface chemical
structure it is di cult to reliably and consistently identify, let alone
quantify, speci c functional groups. The two main spectra of interest in
this respect are the C 1s and O 1s photoelectron peaks, however, in-
terpretation of both is problematic because of complicating factors: in
the case of the C 1s the intrinsic spectrum of the underlying carbon ber
has the typically complex asymmetric shape of graphitic structures,
with a range of additional overlapping peaks superimposed due to
di erent carbon-oxygen functional groups. The O 1s does not experi-
ence the same range of chemical shifts as the C 1s and, as a con-
sequence, displays a broad featureless spectral envelope. The prominent
Table 5
IFSS values with standard deviations for bers in resin two (Fig. 3).
0 A 2 A 3.4 A
Unsized S20 S15 S10 Unsized S20 S15 S10 Unsized S20 S15 S10
IFSS 27.06 33.31 34.39 27.53 26.50 36.96 41.98 38.98 32.40 40.96 44.43 42.83
SD. 1.6 1.2 2.1 2.0 1.7 3.2 3.2 2.9 2.1 1.8 2.9 1.0
Fig. 4.  E ect of amperage on IFSS in resin one. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this
article.)
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C 1s peak at 286–287 eV binding energy (BE) due to epoxy groups (C-O)
represents an exception in the case of sized and partially desized bres.
The relative peak intensity of this peak compared to the main peak at
284.5–285 eV (aliphatic/ aromatic hydrocarbon) provides a simple
qualitative measure of the relative amount of sizing on the carbon bre
surface. We therefore refrain from employing more advanced data
processing techniques such as curve- tting, since it would neither be
quantitative not reliable.
The C 1s spectrum of the unsized and untreated ber (Fig. 9, left,
blue) displays the above-mentioned typical peak shape of graphitic
carbon with possibly some intensity at higher BE due to various carbon-
oxygen functional groups, as mentioned above, consistent with other
examples [8,16,18,31]. Interestingly, after sizing these bers then
subjecting them to soxhlet extraction in acetone for 24 h, a residual
shoulder in the XPS spectrum can be observed at 286.5 eV (Fig. 9, red),
most likely due to residual sizing. This is con rmed when comparing
the C1s spectrum for the epoxy-sized bers (Fig. 9, greens), which
displays a very prominent epoxy signal at the same binding energy.
Further supporting this observation, the O 1s spectrum (Fig. 9,
right) for these same bers shows a broad peak for the unsized and
untreated bers, suggesting an array of chemistries on the ber surface
(Right, blue). After sizing then desizing these bers the O 1s narrows
and moves to approx. 533 eV, a BE, consistent with the increased ep-
oxide oxygen species on the ber (Right, red). Again, this can be con-
rmed by a comparison with the corresponding spectrum of sized -
bers; thus it is assumed that a trace of the original sizing agent remains
on the surface of the desized bers.
Given the unusual result of residual sizing being present on the
surface of the desized untreated bers, we were curious if this was
consistent for oxidised bers and if the residual amount of sizing was
similar. The C1s spectrum of unsized bers, with increasing applied
amperage (Fig. 10, left, blue) shows a similar peak shape as the un-
treated samples, though with the evolution of a shoulder peak at
288–289 eV. This is consistent with other studies, and this peak is di-
agnostic of highly oxidised carbon species, typically carboxylic acids.
This makes sense as the higher amperage, corresponds to a higher
oxidation potential. Sizing these bers at a 1:15 ratio followed by the
same desizing protocol (soxhlet in re uxing acetone for 24 h) gave an
unexpected trend. The amount of residual sizing agent retained on the
surface after desizing, increased concurrently with increasing ber
oxidation. This suggests that the higher the polarity of the ber surface,
the more di cult it is to remove the sizing agent via standard desizing
techniques. It is possible that the increased polarity of the ber surface,
due to the introduction of carboxylic acids and other carbon-oxygen
functional groups, facilitates a large degree of hydrogen bonding to the
sizing agent, thus strengthening the adhesion between ber and sizing
agent.
Overall, investigation by XPS of these bers proved that increasing
the oxidation potential results in higher polarity of the ber surface,
and consequently, stronger adhesion between bre and sizing agent
(Table 12). The typical desizing protocol used throughout the literature
has been shown to be inadequate in completely removing all sizing
agent from the surface of these oxidised and subsequently sized bers
[8,18].
Note that N 1s spectra, elemental compositions (normalised to
carbon), and other comparisons between samples are provided in the
ESI.
3.3.3. Fiber surface energy
Wettability refers to the ability of a solid material to create a
common interface with a liquid. Surface energy may provide an in-
dication of material compatibility however for more in depth discussion
on the importance of polar and dispersive surface energy refer to
Section 2.3.2.
Table 13 above presents the polar and dispersive energies of all -
bers within this study. The polar surface energy did not vary notably
with respect to treatments suggesting oxidization and sizing had neg-
ligible e ect on ber polarity. Conversely sizing was shown to increase
dispersive surface energy as compared to unsized bers from anywhere
between 8.3% (3.4 A, S20) to 54.5% (T0, S20). For these sized bers an
Table 6
IFSS values with standard deviations for bers in resin one (Fig. 4).
Unsized S20 S15 S10
0 A 2 A 3.4 A 0 A 2 A 3.4 A 0 A 2 A 3.4 A 0 A 2 A 3.4 A
IFSS 20.37 28.70 32.54 25.96 31.37 32.78 31.80 41.41 44.35 27.95 37.84 37.75
SD. 1.4 1.9 1.1 1.0 1.0 2.5 2.5 1.8 1.6 3.1 1.6 1.5
Fig. 5.  E ect of amperage on IFSS in resin two. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this
article.)
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increased amperage was also observed to decrease dispersive surface
energy from between 5.8% (3.4 A, S15) to 21.5% (3.4 A, S20). This
trend was not noticed in unsized bers. Similarly the dispersive surface
energies of desized and unsized bers were observed to correlate well
and be much lower than those of the sized bers. In summary, polar
surface energy remained constant regardless of treatment conditions,
however dispersive energy did vary with the use of sizing (see Fig. 11).
Fig. 12 shows the relationship between IFSS and dispersive energy
of all bers in resin one. Polar energy was not mapped as variation was
negligible across all ber formats suggesting it would not in uence
IFSS. From Fig. 12 it is shown that no notable relationship between IFSS
and dispersive surface energy exists. A linear regression analysis pro-
vides a linear coe cient of determination (r2) value of 0.21 for resin
one and 0.31 for resin two. Hence no relationship between dispersive
Table 7
IFSS values with standard deviations for bers in resin two.
Unsized S20 S15 S10
0 A 2 A 3.4 A 0 A 2 A 3.4 A 0 A 2 A 3.4 A 0 A 2 A 3.4 A
IFSS 27.06 26.50 32.40 33.31 36.96 40.96 34.39 41.98 44.43 27.53 38.98 42.83
SD. 1.63 1.71 2.14 1.16 4.45 1.79 1.83 0.88 2.88 2.01 2.92 0.98
Table 8
IFSS increases attributed to treatment type.
Fiber Treatment Increase1 Increase2
Control T0-S0 NA – –
SIZING TM-S0 2 A + 8.3 MPa 0.56 MPa
TH-S0 3.4 A + 11.7 MPa + 5.34 MPa
Am ps T0-S20 1:20 Sizing + 5.6 MPa + 6.3 MPa
T0-S15 1:15 Sizing + 11.4 MPa + 7.3 MPa
T0-S10 1:10 Sizing + 7.6 MPa + 0.48 MPa
1 IFSS increases in resin one.
2 IFSS increases in resin two.
Table 9
Predictions vs experimental results of IFSS with deviation ( ).
Fiber Treatment Predicted1 (MPa) Reality1 (MPa) 1 (MPa) [%] Prediction 2 (MPa) Reality2 (MPa) 2 (MPa) [%]
TM-S20 2 A, S20 34.3 31.4 ( 2.9) [9.2] 33.9 36.9 (+ 4.2) [11.4]
TM-S15 2 A, S15 40.1 41.4 (+ 1.3) [3.1] 34.9 41.9 (+ 7.0) [19.4]
TM-S10 2 A, S10 36.3 37.8 (+ 1.5) [3.9] 28.5 38.9 (10.5) [30.8]
TH-S20 3.4 A, S20 37.6 32.8 ( 4.6) [14.8] 38.7 40.9 (+ 2.3) [5.6]
TH-S15 3.4 A, S15 43.5 45.1 (+ 0.9) [1.9] 39.7 44.4 (+ 4.7) [10.6]
TH-S10 3.4 A, S10 39.6 37.8 ( 1.9) [5.0] 33.3 42.8 (+ 9.5) [23.2]
1 Results relating to resin one.
2 Results relating to resin two.
Fig. 6.  Pristine bers vs desized bers IFSS. (For interpretation of the references to colour in this gure legend, the reader is referred to the web version of this
article.)
Table 10
Pristine bers vs desized bers IFSS. Units MPa (Standard Dev.).
Resin one Resin two
Pristine Desized %* Pristine Desized %*
0 A 20.4 (1.3) 21.8 (1.0) + 6.8% 25.5 (1.6) 20.8 (3.1) 18.4%
2 A 28.7 (2.0) 30.4 (1.5) + 6.0% 26.5 (1.7) 26.7 (1.4) + 0.9%
3.4 A 32.1 (1.1) 30.5 (0.8) 4.7% 31.7 (2.1) 26.3 (1.4) 17.2%
* Percentage di erence between pristine and desized bers.
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surface energy and IFSS was observed.
Importantly it must be stated that this paper is  not  suggesting that
surface energy plays no role in interfacial adhesion. Rather it is im-
portant to highlight that within this study IFSS was determined using
SFFT. This is a test which provides an ideal perfectly wetted micro-
composite. Similarly DCAT characterisation occurred on small tow
bundles that were completely saturated providing idealised results. The
importance of ber wettability in real world applications is related to
the indication of resin/ ber compatibility and permeability allowing
complete soaking of bers. The results in this study simply suggest that
the bers were highly compatible however the e ects of surface
chemistry on adhesion were not well suited to a IFSS comparison using
SFFT.
4. Conclusion
This study showed that both sizing and oxidization amperage were
able to improve IFSS. Unsized, unoxidized bers have the lowest IFSS
both epoxy resins. With the application of sizing, IFSS increased how-
ever there was an idealised ratio found at the S15 mark that provided
the highest IFSS. This suggests that sizing acts as an intermediate layer
at the interface that promotes adhesion however overusing or under-
utilising sizing ratio in manufacturing will restrict performance poten-
tial. Electrochemical oxidization was also observed to improve IFSS
with increased oxidation amperage found to increase IFSS. A 3.4 A
current provided the greatest increases in IFSS however in some sce-
narios observed the IFSS increase between 2 A and 3.4 A was not sig-
ni cant suggesting that notable increases can be reached with limited
oxidization. Across both resin systems the same trends were observed
however trends for sizing use and oxidization were found to be more
pronounced using resin one.
Fig. 7.  Ra roughness (nm) mapped against IFSS for SFFT samples in resins one and two. (For interpretation of the references to colour in this gure legend, the reader
is referred to the web version of this article.)
Table 11
Ra roughness of all bers within study. Units nm (standard dev.).
Unsized Desized S20 S15 S10
0 A 34.5 (7.2) 21.4 (4.4) 24.3 (4.6) 25.5 (5.4) 23.3 (6.1)
2 A 35.4 (8.6) 22.3 (3.5) 22.8 (4.3) 22.3 (4.6) 22.3 (4.7)
3.4 A 32.7 (7.7) 23.5 (5.2) 20.0 (3.8) 21.1 (4.8) 19.7 (4.5)
Fig. 8.  Ra roughness (nm) of pristine unsized bers versus desized bers. (For interpretation of the references to colour in this gure legend, the reader is referred to
the web version of this article.)
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Analysis of the mechanisms for improved IFSS induced by sizing and
oxidization showed that each treatment improved performance in-
dependently from one another. Independent improvements by one
treatment were not masked by the other. This was concluded by com-
paring predicted and experimentally obtained results in IFSS showing
correlations within 10% for resin one.
It is concluded that oxidization amperage improved IFSS by in-
creasing the number of oxygenated functional groups of the ber sur-
face thereby creating better chemical bonding at the interface, while
sizing deposition improved IFSS by dispersing through the interface and
acting as an intermediate junction of bonding for both the resin and
ber surface thereby facilitating adhesion. XPS results showing in-
creased carboxylic groups with increased oxidization in all cases.
Surface roughness of bers was observed to be greatest for unsized
bers however electrochemical oxidization did not seem to alter surface
roughness to a statistically signi cant margin for unsized bers.
Conversely sizing was observed to decrease ber surface roughness and
with increased oxidization amperage, surface roughness was decreased
further. Comparatively desized bers were seen to be signi cantly
smoother than sized bers. Overall surface roughness was also not
observed to be the primary mechanism for increased IFSS.
Polar surface energy did not change with the addition of sizing and
Fig. 9.  XPS spectra observing sizing e ects for untreated bers. (Left) C1 spectrum. (Right) O1 spectrum. (For interpretation of the references to colour in this gure
legend, the reader is referred to the web version of this article.)
Fig. 10.  C1 XPS spectra. (Left) Unsized bers with varied oxidization. (Right) Desized bers with varied oxidization. (For interpretation of the references to colour in
this gure legend, the reader is referred to the web version of this article.)
Table 12
Elemental composition values on carbon ber surface via XPS.
Treatment Sizing C N O Cl Si Na Ca
Untreated Unsized 1.000 0.019 0.033 0.001 0.005 0.002 0.001
2 A Unsized 1.000 0.085 0.141 0.001 0.004 0.005 0.007
3.4 A Unsized 1.000 0.096 0.202 0.005 0.007 0.015 0.007
Untreated Desized 1.000 0.019 0.107 0.002 0.020 0.000 0.003
2 A Desized 1.000 0.038 0.179 0.002 0.008 0.001 0.005
3.4 A Desized 1.000 0.036 0.205 0.002 0.018 0.003 0.007
Untreated S20 1.000 0.001 0.222 0.001 0.004 0.000 0.001
Untreated S15 1.000 0.005 0.218 0.001 0.002 0.000 0.000
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desizing. Dispersive energy was found to be signi cantly lower for
unsized and desized bers than those that had been sized. No correla-
tion between surface energy and IFSS were observable.
The IFSS of pristine unsized and desized bers showed that desized
bers done so through soxhlet extraction can be used as an accurate
representative measure of pristine ber performance however research
also revealed that this may be sensitive to resin being used.
Table 13
Polar ( S
P) and dispersive ( S
D) surface energies of bers using OWRK-(Owens-Wendt-Randal-Kaelbe method analysis.
Polar S
P (mN/ m) Dispersive S
D (mN/ m)
Unsized Desized S20 S15 S10 Unsized Desized S20 S15 S10
0 A 9.18 10.65 9.97 11.53 8.86 36.63 31.67 54.47 48.03 54.24
2 A 11.39 12.28 9.56 9.69 11.56 30.93 31.99 43.51 51.66 44.97
3.4 A 10.23 10.06 9.54 8.72 9.43 39.52 36.93 42.78 50.75 46.21
Fig. 11.  Polar ( S
P) and dispersive ( S
D) surface energies of bers using OWRK analysis. (For interpretation of the references to colour in this gure legend, the reader
is referred to the web version of this article.)
Fig. 12.  Polar S
P and dispersive S
D surface energies compared against IFSS in RIM resin. (For interpretation of the references to colour in this gure legend, the
reader is referred to the web version of this article.)
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Chapter 4 entitled “A modern account of Iosipescu testing” builds on 
chapter 3 by considering what may occur to microscale interfacial adhesion 
if it was up-scaled to the mesoscale. When considering possible mesoscale 
testing methodologies a gap in experimental knowledge became apparent 
as no review of the Iosipescu (v-notch shear) test has been conducted in 
over three decades. As such this chapter provides a well needed and 
comprehensive review of the Iosipescu test and its developments in 
interfacial research over the past 30 years. 
This chapter thereby sets the theoretical foundation to compare microscale 
IFSS to mesoscale IFSS which is a translation objective of this thesis. 
This chapter also enriches the field of interfacial science by highlighting the 
underrepresentation, benefits and possible concerns of the Iosipescu test. 
Materials researchers are encouraged to add this method to their testing 
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A B S T R A C T
The Iosipescu or V-notch shear test is a method capable of determining the shear modulus and interfacial shear
strength (IFSS) of composites at the ber-matrix interface. Although it has many advantages relating to its
simplicity and the creation of pure shear stress region, it remains signi cantly underutilized for composite
testing in comparison to single ber fragmentation testing (SFFT) and short beam shear (SBS). Here an update is
provided on the current status of Iosipescu testing which highlights developments and advances in modelling,
xture arrangement, testing, and several other remaining concerns relating to implementation.
1. Introduction
The Iosipescu test is a method of determining the shear modulus and
interfacial shear strength (IFSS) of engineering materials primarily glass
and carbon ber reinforced polymer (CFRP) composites. Initially pro-
posed by N. Iosipescu in 1967 to quantify shear strength for concrete,
the test [1] was not used in any notable manner until the beginning of
the 1980s. In a concerted e ort by NASA researchers at the Langely
Research Center, the development of the Iosipescu test transitioned
from a predominantly metals relevant protocol into a test more heavily
targeted towards composites. Work by Walrath et al. [2,3] promoted
this transition with the aim to “call attention the Iosipescu shear test as a
viable shear test method” . Interest and momentum was further bolstered
in the 1980s by research conducted by Lee and Munro et al. (1984) [4],
Spigel et al. (1985) [5], and Hurwitz et al. (1984) [6], which compared
Iosipescu testing to existing methodologies; namely 45° shear, asym-
metric four point bending (AFPB) and short beam shear (SBS). The
studies found promising agreement to existing tests with Iosipescu
method being outlined as a viable option for shear property analysis in
composites.
In 1986 Adams et al. provided the rst, and only, review of the
Iosipescu test which promoted its applicability in comparison with the
existing tests whilst also highlighting concerns levelled against it [7,8].
These concerns included premature failure due to stress concentrations
about the notch root, sample misalignment, specimen twisting, and
uneven load distribution. All these concerns have, at various times,
been restated in research [9–11], yet a large body of evidence has
progressively addressed and resolved said issues in the test applied
today.
Walrath et al. [3] helped to address notch related concerns by
conducting a notch sensitivity study where notch depth, radius, angle
and loading points were assessed independently. The study re-
commended an increasing specimen size would negate premature
failure. Experimental research has since adhered to the recommenda-
tion outlined (Fig. 1). Kumosa et al. [12] progressed understanding by
establishing a numerical relationship of the stress at the notch root1
with Swanson et al. [13] experimentally showing that a simple
rounding of the notch radius to 0.64 mm would decrease the stress
concentration factor,  Kt , (i.e. the localized increase in stress about a
point of geometric change) from 2.0 to 1.45. This further elevated
concerns of premature specimen failure during testing.
With increasing experimental and analytical data to draw from, the
Iosipescu test established itself as a reliable means to determine IFSS. A
1990 round robin study of nine independent laboratories found that
seven of the nine to produce repeatability results [14]. Laboratories
with small scatter during testing were seen to replicate control data
accurately, with inter-lab variation between 2 and 10%. However, high
scatter in testing attributed to sample fabrication, and poor loading
repeatability increased the coe cient of variation to as high as 29%.
The conclusion was that with correct loading practices and high fab-
rication standards, results are reproducible and reliable. This suggests
that Iosipescu test is not necessarily in uenced by the method itself but
rather a large factor may rely on execution as shown by the repeatable
results across seven of the nine laboratories.
In 1993 the American Society for Testing and Materials (ASTM)
o cially recognized the Iosipescu shear test as a standard protocol
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(ASTM D5379-93) [15]. Development and use of the Iosipescu method
has since seen some progress however remains underrepresented in
comparison to other test methods. Fig. 2 shows the comparative pub-
lication count of the Iosipescu tests against single ber fragmentation
testing (SFFT) and short beam shear (SBS). By comparison it remains
signi cantly underutilized. This is despite of its many advantages ex-
plored later in this review.
This paper aims to reintroduce understanding of the Iosipescu
testing method so that researchers may implement in their own re-
search and skills repertoire where they see t. It is the opinion of this
review that the Iosipescu method can provide valuable understanding
between the micro and macro testing at the mesoscale (tow) level, in a
manner that is accurate, fast and labor inexpensive. By improving un-
derstanding of this test, researchers can judge this test on their own
merits, to help develop understanding of composites.
2. Test method
The Iosipescu test works by fabricating a V-notched specimen that is
mounted in a specially designed xture vide infra. The specimen itself
can be a homogenous material, a composite laminate, or a single
composite tow embedded in resin. Arrangement can vary between or-
thotropically orientated unidirectional laminates in a 0° or 90° degree
direction, single tows in 0° or 90° or a 0/ 90° layup. All methods provide
the capability of determining shear strength and modulus however refer
to the ASTM speci cs for further speci cs with respect to orientation.
By applying a compressive load to one end of the specimen while
holding the other end static a region of uniform shear stress is created
through the center of the specimen with zero bending moment (Fig. 3).
This is a key advantage of the Iosipescu test as it provides a rela-
tively uniform region of shear-dominated stress across the center of the
sample. This allows for shear modulus and ber-matrix IFSS to be
calculated. By comparison SBS and + 45 tensile testing introduce mixed
mode failure [6] and biaxial stress distributions [16], respectively
which are not representative of a pure shear state. A pure stress state
refers to a stress distribution in which the sum of stresses in both x and y
axis are zero ( = = 0)x y , while a biaxial stress state refers to a si-
tuation in which only the shear stress at a given point is zero ( = 0)xy .
While a mixed-mode stresses refer to loading not only through in-plane
shear but also out-of-plane shear and opening. Importantly, a pure
stress state is ideal in assessing shearing e ects alone. This is a point of
Fig. 1.  (Top) Wyoming xture 1 specimen size pre-1984. (Bottom) Wyoming xture 2
current specimen size. (For interpretation of the references to colour in this gure legend,
the reader is referred to the web version of this article.)
Fig. 2.  Publication count using the Iosipescu method and publication year with key milestones in development. (For interpretation of the references to colour in th is gure legend, the
reader is referred to the web version of this article.)
Fig. 3.  Loading of an Iosipescu specimen with respective von Mises shear stress contour,
shear force and bending moment diagrams. (For interpretation of the references to colour
in th is gure legend, the reader is referred to the web version of th is article.)
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theoretical dissimilarity between these tests and is essential in under-
standing the value of the Iosipescu method. The pure shear stress has
been validated both experimentally and though nite element analysis
(FEA) [8,16–19].
Owing to this uniform stress distribution, fracture patterns are fairly
predictable and consistent which can help give insight to performance.
In the case of composite laminate, specimen failure is sensitive to the
layup orientation. Common failure patterns are detailed below (Fig. 4).
Failure pattern A is common for isotropic materials and composites
with a good level of interfacial adhesion. The pseudo-diamond fracture
pattern is observed (darkened region) and, depending on adhesive
strength, horizontal cracking may propagate through the resin sides in a
single tow composite. Pattern B is observed in materials with low shear
strengths, and in composites with poorly wetted or poorly bonded in-
terfaces. This suggests a lack of adhesion at the bers-matrix juncture
with optical microscopy a recommended post analysis procedure.
Fracture type C denotes debonding and delamination cracking between
ply layers within a composite specimen. For isotropic materials fracture
is most commonly observed at the notch root and propagates hor-
izontally. D represents a mixture of fracture patterns created by the
cross ply ber orientation which is generated by complex biaxial stress
distributions.
Any fracture patterns replicating con gurations E and F should be
considered failed tests and not recorded. As failure is not occurring in
the region expecting the highest levels of shear stress failure is likely
associated to specimen defects or loading. Further in depth analysis of
fracture patterns in experimental research can be found in literature
[14,20].
The Iosipescu method is valuable in determining interfacial adhe-
sion, and IFSS is determined by using equation 1 where tE is the ef-
fective thickness of the specimen and h is the e ective contact length
between the two central notches. P is the maximum load at failure and
is allocated di erently dependent on ply orientation pattern is ac-




The failure strength of a 90° orientated specimen is the same as its
ultimate failure strength. Within a 0° specimen, the failure force is that
which accompanies total specimen failure and may not necessarily
correlate to the small drop o forces caused during loading which
signals the initiation of a crack at the notch root. A 0/ 90° laminate
shear failure may occur at values lower than that of the ultimate force
measured (Fig. 5). This is associated to the rearrangement of bers
during failure providing secondary load transfer hence shear failure
must be accounted for by comparing both visual and force-displace-
ment results [14].
2.1. Fixture positioning
To address concerns relating to load distribution [21], the Iosipescu
loading xture has seen a gradual evolution in design over the years.
Current designs are still based on the same con guration designed by
Iosipescu [1] however due to the increased specimen size required to
accommodate decreased stress concentration [8], new test xtures have
been created.
All designs preceding the Adams et al. 1986 recommendations are
referred to as the “Wyoming xture 1”  (WF1) while all current xtures
in accordance with ASTM D5379 are referred to as “Wyoming Fixture
2”  (WF2); i.e. modi ed Wyoming test xture (Fig. 6). The Wyoming
terminology stems from Wyoming Test Fixture Inc. (United States of
America), which is the industry supplier of the loading xture.
To establish con dence in a changed xture design, Abdullah et al.
[20] conducted a test comparing asymmetric four point bend (AFPB)
testing and the Wyoming xtures 1 and 2. The study which in-
corporated both experimental and FEA con rmed a decreased stress
concentration using WF2 and concluded that, of all 3 methods, the
modern Wyoming xture is best suited for determining shear modulus
and IFSS provided layup orientation is considered. A concise and de-
tailed summary of the modern Wyoming xture and its importance to
accurate results can be found for the interested reader [2,3,8,22] .
Ever since the transition to the modern xture (WF2) was adapted
in ASTM D5379 there has been little to no concern regarding xture
design. Novel xtures exist in Hawong et al. [23], and more promi-
nently Conant et al. [9] who produced the  “ Idaho”  xture. The latter
xture was argued to reduce specimen misalignment, and improve
uniform shear stress distribution, however never saw widespread use
[24]. This is mainly because concerns are able to be addressed with
careful implementation of the current test using WF2. It is worth noting
that a rotational (biaxial) version of this test has been reported by
several researchers [25]. The in depth analysis of this technique, data
interpretation etc. is beyond the scope of this document, but the in-
terested reader is referred to the literature [26–30].
2.2. Advantages of the Iosipescu testing method
Overall there are a number of bene ts related to the use of the
Iosipescu test including accuracy, simplicity and the development of a
Fig. 4.  Typical acceptable and unacceptable fracture patterns of laminate and tow specimens in Iosipescu, Note: 0° is horizontal, and 90° is vertical with respect to the page. (For
interpretation of the references to colour in this gure legend, the reader is referred to the web version of this article.)
Fig. 5.  Load displacement curves of Iosipescu specimens with varied orientations and
maximum loading strengths. A Notch root crack (0° Samples); B Ultimate Failure Strength
(90° Samples); C Ultimate Failure Strength (0° Samples); D Ultimate Failure Strength (0/
90° Samples); E Fixture reached bottom; F No further load capacity, adapted from Ref.
[15]. (For interpretation of the references to colour in this gure legend, the reader is
referred to the web version of this article.)
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uniform shear region that is representative of real world conditions and
optimal for theoretical research.
Numerous studies have been conducted comparing the Iosipescu
test to existing shear test protocols. The majority have agreed that the
Iosipescu test is the most appropriate experiment for measuring shear
strength and modulus of ber/ resin composites [16,20,31,32]. Adams
et al. [17] compared the test against SBS, two-rail shear, and AFPB
concluding that Iosipescu testing was the most suitable and accurate for
determining shear properties especially for cross-ply and unidirectional
laminates. Hurwitz et al. [6] also compared SBS and Iosipescu which
reinforced this perspective showing that Iosipescu does not su er the
same problems of mixed-mode failure and compression associated with
SBS making it more dependable. Research by Melin et al. [33] found
SBS to provide overestimations and inaccurate stress distributions for
carbon/ toughened epoxy composites whilst suggesting that Iosipscu
and a novel inclined double notch shear (IDNS) test are more appro-
priate for research. Krishnan et al. [31] has also compared both SBS and
Iosipescu and found that although both methods obtain very similar
nal IFSS, the stress distribution created by SBS is not uniform, unlike
the Iosipescu method. Thus Iosipescu is fundamentally a more well-
rounded and appropriate test when compared to SBS.
Kumosa et al. [16] researched the comparative link between ± 45°
tensile testing and the Iosipescu test. It was found that Iosipescu testing
to be superior to ± 45° tensile testing due the creation of a pure stress
state across the interface, as opposed to a biaxial stress distribution.
Experimentally the biaxial distribution was the cause of under-
estimations in shear strength for 45° tensile testing from the onset of
interlaminar damage.
The aforementioned studies all highlight the bene ts of Iosipescu
from a results quality [14,19,34–38], when comparing SBS and ± 45°
tensile testing at the macroscale. However further practicality bene ts
are yet to be considered when comparing microscale tests. When
compared against single ber fragmentation testing (SFFT) which are
common in determining IFSS, Iosipescu testing o ers several ad-
vantages. Not only does it provide a shear modulus, but it also allows
for testing in opaque resins, both of which are major limitations of
SFFT. By also incorporating neighboring ber interactions when ap-
plied as a tow level test, the method can link the understanding of micro
to mesoscale development of interface studies.
Furthermore on a labor, materials, and time requirements level,
Iosipescu testing is extremely e cient compared to SFFT, whilst still
yielding comparable results. Thus due to accuracy in comparison to
SBS, reduced material requirements, the state of uniform pure shear
stress created, this method should undoubtedly be considered in a
material researchers repertoire.
Unfortunately, little systematic research linking the various scales of
interfacial adhesion has been conducted. Collaborative research by
Madhukar et al. [39], Herrera-Franco et al. [40] and Drzal et al. [41]
showed this correlation of Iosipescu results to SFFT and SBS however
found it to be somewhat dependent on interfacial strength. This e ect
was magni ed in samples with low interfacial strength showing larger
variation, typically the weaker the interface the larger the contrast.
Conversely, for strong interfaces the correlation between SBS and Io-
sipescu results was below 2%. Comparatively, SFFT results to SBS re-
sults of the same interface were variable by 11.8%. For both weak and
moderate interfaces, variation of Iosipescu to SBS results was below
13.7% and 12.2%, respectively. These variation in results are sig-
ni cantly lower than the SFFT and SBS comparison suggesting that
indeed Iosipescu does act as a good intermediate test at the ber-tow-
scale. Thus there is value and variability in translate IFSS results among
single ber to laminate scale that Iosipescu is well positioned to ex-
plore.
This method is a valuable research tool for testing composites but is
also not limited to them. Anisotropic, isotropic, brittle ductile, and
chemically modi ed interfaces alike can be used [42]. Use of any ex-
perimental test is always subject to individual researcher ’s require-
ments however there by understanding the bene ts and concerns of
Iosipescu testing the procedure may be added to the skills repertoire of
material scientists that may have overlooked it, prior.
2.3. Concerns of the Iosipescu testing method
The most common, and valid, criticism of the Iosipescu test relates
to the stress concentrations that are created at the geometric notches in
a specimen. The change in specimen geometry introduces a point of
non-uniformity which creates unavoidable stress concentrations.
Naturally this has led questioning what e ect notch geometry plays in
nal results and if results may be compromised.
Some early criticisms against Iosipescu testing were established in
an experimental study conducted by Sullivan et al. [43] which found
that stress concentrations at the notch root increased by approximately
30%, comprimising results. Similarly, Spigel et al. [5] noted that not-
ches were overly sensitive to failure. However both these studies were
prior to the Walrath et al. [3] (1984) recommendation of a larger
specimen size which allowed stress to be dispersed over a larger area
thereby signi cantly negating a ects. Swanson et al. [13] (1985) also
explored the issue of notch sensitivity showing that with careful man-
agement of notch radius, stress concentrations can be minimized from a
factor of 2 to 1.45. All recommendations have been applied to the
current ASTM standard, established in 1993.
Still some experimental studies and FEA models have stated notch
sensitivity and angle to be an issue, however if managed correctly they
do not in uence nal results, albeit a small region of plasticity may
emerge at the notch roots nearing specimen failure [12,32,44–48] .
Undoubtedly, sample preparation and quality is of utmost im-
portance for accurate results using the Iosipescu method. Blackketter
[49] provides a technical note of accurate and succinct sample pre-
paration that should be followed while Whitney [21] explored the
importance of equal load distribution relative to notch sections. In the
event of fabrication errors however, research can shed light onto the
Fig. 6.  (Left) Original Wyoming Fixture 1, (Middle) Current Wyoming Fixture 2, (Right) Proposed Idaho Fixture.
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subsequent performance irregularities.
Ho et al. [50] found only samples with ber volume variations
below 3% to be valid for ensuring shear modulus in graphite-epoxy
composites, using AS4/ 3501-6 continuous ber. In a study conducted
by Melin et al. [51] notch angle subject to ber orientations was varied.
In samples with 90° ber orientation reduced the notch angle was re-
duced to 72° while samples with 0° ber orientations had an increased
notch angle to 140°. While these modi cations to carbon ber/ tough-
ened epoxy composites showed less scatter and a more uniform shear
stress region, the article did concede that twisting issues being con-
sidered were primarily a factor ply stacking and that the traditional
ASTM specimens are reliable and can provide repeatable results. Si-
milarly in a study conducted by Chiang [52], variable factors were
investigated, speci cally notch angle, notch radius, notch depth, spe-
cimen height, thickness and gap contact length. That study found
marginal gap, notch depth, contact length and thickness to have neg-
ligible e ect on stress uniformity while increased specimen height and
decreased notch radius were recommended for improved stress dis-
tribution.
Concerns have also been highlighted relating to specimen twisting.
Morton et al. [11] (1990) claimed twisting as one of the potential
causes of irregular results within an FEA analysis. Later studies would
suggest that the use of a linear model may have been at fault for result
variability [45]. Conant et al. [9] considered twisting to be an im-
portant issue and attempted to introduce a modi ed xture (Idaho
Fixture) to mitigate e ects. However as shown by Xing et al. [53] with
careful sample preparation and testing protocols twisting e ects are
negligible.
Non-uniform stress distribution may also play a role in some lami-
nate studies. Broughton et al. [54] raised this concern of non-uniformity
and linked laminate sensitivity to a materials orthotropic ratio (refer to
Section 2.4). However the Iosipescu test was still settled by the authors
as the correct method for shear strength and modulus assessment.
Currently, remaining concerns revolve around the impact and
creation of parasitic transverse stresses in FEA, di culty of modelling
2D weaves [55], and the potential overestimation of shear modulus in
FEA modelling. Pierron et al. [56] presented this rst concern within a
FEA model that observed complex stress regions and the existence of
parasitic transverse compressive stresses. The implication being that in-
plane shear strength in experimental results related to this particular
study may have been grossly underestimated. Further research into this
eld may be highly bene cial to combat incomplete understanding.
Additionally Bru et al. [19] observed overestimations of shear modulus
can be apparent if local strain measurement are used within a model
rather than full eld strain. This establishes the requirement to use full
eld strain obtained experimentally or otherwise in FEA for accurate
results.
All aforementioned concerns relating to the applicability of
Iosipescu testing can be resolved by improved understanding of the test.
None of these concerns suggest Iosipescu testing is ill-equipped for
determining shear strength and modulus thereby encouraging increased
use of this test, where researchers see t.
While some concerns are refuted, there are some that persist. The
authors would argue that no tests is perfect and as long as considera-
tions of limitations are understood the test can provide valuable data in
assessing material performance.
2.4. Finite element analysis in conjunction with Iosipescu testing
FEA has played a major role in developing and understanding the
Iosipescu method. With computational models created as early as 1986,
[8,44], FEA is regularly used to supplement experimental data and
explore stress distributions. Importantly, FEA models provide in-
formation regarding the stress concentration at the notch root, analysis
of stress distribution and considers the global strain eld on both sides
of a sample thereby accurately monitoring twisting.
Although some of the earliest models by Adams et al. [8] claimed
that FEA was an appropriate means of assessing stress distribution
further work was required to elevate skepticism. Barnes et al. [44] used
FEA to emphasize the highly complex stress distributions at the notch
root of laminate specimens. The study concluded that although the
stress eld is highly complex at the notch, it does not alter the global
failure condition nor does it negate the pure stress state created be-
tween the notches. In the same year Kumosa et al. [12] also explored
stress distribution at the notch by creating both force control and dis-
placement control FEA models in which a numerical relationship of the















is the orthotropic ratio.
In this equation, the stress concentration is shown to be highly de-
pendent on the orthotropic ratio for laminate samples. Broughton et al.
[54] further expanded on this work by using FEA to explore the in u-
ence of many varied orientation arrangement and non-uniform stress
distributions. The study con rmed results by Kumosa et al. [12] sug-
gesting normal stress distributions at the notch are highly dependent on
material orthotropic ratio and that a perfectly uniform shear distribu-
tion in either isotropic or orthotropic orientation are simply idealiza-
tions. The Iosipescu test was again considered a valid means of shear
property testing.
Undoubtedly, a complex stress distribution is created at the notch
roots however research has thus far validates the existence of a central
pure stress region [4,6,16,44,53,57] without notch stresses in uencing
failure. In attempts to accurately represent Iosipescu testing however,
notch sensitivity must always be considered.
An early attempted by Morton et al. [11] to use a linear model to
simulate the Iosipescu saw inaccurate results due to the existence of
localized plasticity which required the model to introduce a correction
factor. Later studies have shown that for accurate assessment a non-
linear analysis is required [45,58–60] . Odegard et al. [45] established a
highly accurate model for 0° composites by applying elasto-plastic
model, and was further developed in 2002 accurately accounting for
additional interlaminar damages at the notch root. Hence accurate
modelling is achievable and advantageous however a non-linear model
is recommended.
Finally, to address concerns of twisting and deformity, strain eld
analysis is bene cial. Research by Xing et al. [53] was one of the ear-
liest to apply whole eld strain analysis to assess deformation concern.
The study found that with careful specimen loading into the xture,
twisting and distortion can be avoided. Grediac et al. [57] further
emphasized this by creating a displacement control model based on a
virtual work principle looking into complexities of the stress and strain
elds. Again provided accurate setup a pure stress state created.
Potential future developments of Iosipescu may include the devel-
opment of a mixed-mode fracture toughness model [61] as well as ex-
panding into unresolved composite con gurations such as 2D woven
textiles [55].
In summary FEA has been con rmed as a valid means of accurately
assessing the stress and strain eld of Iosipescu specimens. Concerns
relating to stress distribution, twisting and localized plasticity have
been investigated via FEA and assisted in the understanding and de-
velopment of the method. For more detailed and highly nuanced in-
formation readers can explore the provided references below.
2.5. Implementation
All papers throughout this report provide some relation to Iosipescu
testing. As a testing method the Iosipescu test has been used in a variety
of elds such as within the wood industry [62–91], metallurgy [92–98],
cement [99–104], adhesives [105–109] and ceramics [110–119] to
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Table 1
Compilation of Iosipescu research history with reference to fiber-epoxy systems, layup orientation and comparison tests.
Material Lay-up Other tests Reference
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°]n, [90°]n, [± 45°]ns, [0/90°]ns, [0/±45/90°]ns AFPB and WF1 [20]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin
GY70 Carbon fibers/904 epoxy resin
Unidirectional [0°] WF1 [8]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°], [90°], [0/90°] Moire interferomery [120]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°], [90°] 10° off axis
± 45° axial tension Moire
Interferomery
[121]
Hercules AS4 Carbon Fiber/DGEBA epoxy resin [0°], [90°] SFFT, SBS [39]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°], [90°] Torsional tube test [122]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°], [90°], [45°] 10° off axis [123]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin
Kevlar 49/3501-6 epoxy resin
[0°], [90°], [0/90°] AFPB [14]
S2 E-glass fiber/3501-6 epoxy resin





Hercules AS4 Carbon Fiber (6k)
(2D, 2×2 braided weave)/PR520 epoxy resin
[45°], [60°] – [55]
Hercules AS4 Carbon Fiber/3501-6 epoxy resin [0°], [90°] WF2 [22]
T300 Carbon Fiber/934 epoxy resin.
Hercules AS4 Carbon Fiber/3501-6 epoxy resin
[0°], Oxford weave, 5 satin weave, 8 harness weave – [3]
T300 Carbon Fiber/914 epoxy resin [0°], [90°], [0/90°] ± 45° axial tension [36]
T300 Carbon Fiber/914 epoxy resin [0°]24 – [56]
T300 Carbon Fiber/914 epoxy resin [0/90/+45/−45°] Damage Zone Modelling (DMZ) [124]
T300 Carbon Fiber/914 epoxy resin [0°]20, [90°]20, [45°]20, [0/90]5s ± 45° axial tension [36]
T300 Carbon Fiber/914 epoxy resin (Vf= 0.6) [0°]20 – [125]
T300 Carbon Fiber/934 epoxy resin [0°]16, [(0/90)4]s [24]
T300 Carbon Fiber/LY-556 epoxy resin [0°], [15°], [30°], [45°], [60°], [75°], [90°] – [126]
Hercules IM6 Carbon Fibers/3 resins:
(Narmco 5245C, Hexcel F584, Cycom 1806)
[+45°/0°/−45°/90°]6s 10° off axis
± 45° axial tension
[127]
IM6 Carbon Fiber/1806 epoxy resins
IM6 Carbon Fiber/F584 epoxy resins
IM6 Carbon Fiber/5245C epoxy resins
[90°] WF1 [4]
IM7 Carbon Fiber/8552 epoxy resins [0°/90°]8s – [128]*
ACG T700 carbon/LTM45 epoxy prepreg [04/904]2s, [± 45/90/0]4s – [129]




Unidentified carbon fibers/Epoxy F-155 prepreg
(Fiber strength 250 GPa at Vf= 0.60)
[0°], [0°/90°] Hygrothermal aging [130]
IM6 Carbon Fiber/Fiberite 934 epoxy resins [0°]16, [90°]16, [0/90°]4s – [9]
Uniweave NCF 4510 carbon fiber/LY556 epoxy Unidirectional [0°]10 stacking – [19]*
Hexcel F593 carbon/epoxy plain weave prepreg [0°/90°] SBS
10° off axis
[131]*
Celion G 30-500 carbon fibers:Epoxy EP03 sizings/
Tactix 123 epoxy resin.
[+45°/-45°/90°/0°]
Multi-axis 3D Woven and 3D orthogonal woven (3k, 6 k and 12 k weaves)
– [132]*
SE84LV-HSC-450-400-35 carbon/epoxy resin. [0°], [15°], [30°], [45°], [60°], [75°], [90°] – [133]
UD carbon fiber/epoxy resin prepregs
(USN 150; Sunkyung Chemicals).
[0°/45°/90°] – [134]
Carbon fiber/epoxy resin (Unspecified) [0°]40 Torsion Plate (FEA) [135]*
Hybrid Glass-Carbon/Epoxy resin (unspecified) Unidirectional [0°], [90°], – [136]
Carbon fiber HTA/6376C toughened epoxy resin
E-glass fibers/epoxy resin
[0°], [90°] – [51]
NCF (Style 4510–12 k) glass fiber/LY556 epoxy [0°] DIC imagery [19]*
Carbon fiber/epoxy resin
Glass fibers/epoxy resin
[0°], [90°], 10° off axis – [57]
Carbon fiber/epoxy resin.
Glass fibers/epoxy resin.
[0°], [90°] – [47]
Carbon fiber/epoxy resin. [0°], [90°] – [12]
Carbon fiber/epoxy resin. [0°] 10° off axis [46]
Unidirectional e-glass fiber/epoxy resin.
Unidirectional carbon fiber /epoxy resin
– – [61]
GLARE (Glass fiber/epoxy F155) Plain weave prepreg [0/90], 3 layers aluminium to 2 glass fiber/epoxy. SBS [137]*
Glass fiber reinforced epoxy composite (GFRE).
Unidentified glass fiber-epoxy.
[0°/90°], [15°/−75°], [30°/−60°], [45°/−45°], [60°/−30°], [75°/−15°],
[90°/0°]
– [138]
Glass fibers/epoxy resin [0°], [90°] – [52]
Short glass fibers (random orientation)/
Difunctional diglycidyl ether of Bisphenol A resin
Aliphatic polyamine triethylene tetramine
hardener.
Anisotropic short glass fibers – [42]
E-Glass fibers (Chomarat Co.)/EPON 828 epoxy Biaxially braided:
± 35°, ± 45°, ± 50°
– [139]
3D glass fiber/epoxy resin Multiaxial.
3D C/C composite non-woven
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name a few. References are provided for the interested reader.
However as the body of current literature using Iosipescu testing is
centered on the composites industry a unified catalogue of research is
highly beneficial for communication and understanding in the field.
Table 1 and Table 2 provide such a unified catalogue listing material
used, lay-up orientation, compared literature test and reference for
epoxy-related composites and thermoplastic-related composites re-
spectively. To highlight recent work in the field, papers published
within the past 10 years have been marked by an asterisks, for the ease
of the reader.
3. Summary
Although a valid means of assessing shear strength and modulus, the
Iosipescu test still has room for development and, like all other tests,
will be of most value when part of a series. Ideally this testing method
will become more common among researchers in the composites field.
For this to occur however a conscious effort by researchers must be
made in weighing up benefits of current tests such as SFFT and SBS to
determine under which conditions Iosipescu testing can become more
relevant, and compliment other routinely used analyses.
This publication has outlined and discussed concerns that may have
Table 1 (continued)
Material Lay-up Other tests Reference
Graphite fiber/epoxy resin [0°], [90°] – [6]
Graphite fiber/epoxy resin [0°], [90°], [0/90°] – [11]
Graphite fiber/epoxy resin [0°], [90°] AFPB [5]
Graphite fiber/epoxy resin [0°], [90°] Moire interferomery [53]
P75/934 prepreg graphite/epoxy [0°], [90°] – [141]
Graphite fiber/polymer composite [0°] – [58]
Aramid fiber/epoxy resin [0°], [90°] 10° off axis
± 45° axial tension
[37]
Doctoral Thesis – Modified fixture [142]
* indicates publications relevant to composites, published in the last 10 years.
Table 2
Compilation of Iosipescu research history with reference to fiber-thermoplastic systems, layup orientation and comparison tests.
Material Lay-up Other tests Reference
Hercules AS4 short carbon fiber/PEEK Anisotropic – [143]
Equerove 23/24 E-Glass/Crystic 272 polyester resin (Vf= 0.46),
T300B/R23 (Vf= 0.60)
APC-2 carbon/PEEK (Vf= 0.61)
[0°], [90°], – [54]
Hercules AS4 Carbon Fiber/PEKK







Hybrid E-glass/Polypropylene. (Vf= 0.35) 2/2 Twill woven. [144]*
Equerove 23/24 E-Glass/Crystic 272 polyester resin (Vf= 0.43) [0°], [90°] – [44]
T650-35 Carbon fiber/HFPE-II-52 polyimide [0°] [145]





T650-35 Carbon Fiber (UC309 sized)/PMR-15 resin 8 Harness weave. ± 45° axial tension [16]
Harness woven graphite/PMR-15 polyimide resin 8 Harness weave – [146]
Graphite fibers/PMR-15 polyimide composite – – [147]
Graphite/polyimide [0°], [90°] – [6]
T650-35 carbon fibers/PMR-15 polyimide [0°], [90°] – [148,149]
T650-35 carbon fibers/PMR-15 polyimide [0°], [90°] – [150]
Graphite fibers/PMR-15 polyimide matrix 8 Harness weave [151]
Graphite fibers/polyamide [0°], [90°] 10° off axis
± 45° axial tension
[37]
M40J & M60J graphite fibers/PMR-II-50 polyimide [0/90/90/0/0/90]s – [152]
Glass fibers/polyester resin – [153]
Glass fibers/polyester resin [0°], [90°] – [12]
Polymethylmethacrylate (PMMA) – – [61]
Polymethylmethacrylate (PMMA) Anisotropic – [154]*
Polymethylmethacrylate (PMMA) [0°], [90°], 10° off axis – [57]
SMC-R50 glass fibers/polyester [0°], [90°], [0/90°] AFPB [14]
Kevlar and Basalt yarn/MI3530-PP thermoplastic. 2D plain weave.





Polypropylene (PP) Tape “PURE technology” – – [157]*
Polypropylene types:




Hessian Cloth/Polycarbonate 8040 – – [159]
Rayon Based T22R/Phenol resol. resin 2×2 twill weave – [160]*
Plexiglass, Derakane 470-36/Vinyl-ester resin. – AFPB [43]
UD E-glass fibers (functionally graded)/150RGL [0°] – [161]*
* indicates publications relevant to composites, published in the last 10 years.
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deterred materials scientists from using the Iosipescu method prior,
namely notch sensitivity, twisting and loading concerns and presented
how these concerns have been resolved. From both an experimental and
computational level the test has been shown to be valid and accurate for
testing a vast variety of composites. Advantageously it provides a pure
stress state, which many tests do not and is more representative to real
world conditions than the idealized SFFT. Importantly for researchers
can be quick, simple, and does not require copious amounts of materials
and is inexpensive.
By completing an overall review of the current state of Iosipescu
testing this review brings to attention the relevance of this test within
modern composites, such that engineers, and materials scientists both
in academia and industry may add this test to their skills repertoire for
investigating interfacial adhesion. Ultimately this paper seeks to deepen
understanding of the Iosipescu testing to progress the field interfacial
sciences.
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Chapter 5 entitled “A comparison of interfacial testing methods and sensitivities 
to carbon fiber surface treatment conditions” compares microscale, mesoscale 
and macroscale testing methodologies of determining IFSS. Microscale testing was 
conducted in chapter 3 using SFFT. Mesoscale testing discussed and reviewed in 
chapter 4 is experimentally tested for using 12 fiber variants. Macroscale testing was 
conducted using the SBS laminates. 
This study thereby answers the research questions: 
4. How does interfacial performance at a microscale translate macroscale mechanical 
performance? 
5. Identify trends and sensitivities to interfacial adhesion test methodologies caused by 
electrochemical oxidization and sizing across common microscale, mesoscale and 
macroscale tests. 
This chapter thereby develops the field of interfacial science by being the first to 
assess and reveal testing sensitivities as a function of surface treatment conditions. 
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A B S T R A C T
Studies show surface treatments improve interfacial adhesion of carbon fiber composites however little research
examines the translatability of interfacial shear strength (IFSS) across testing scales. How surface treatments may
influence IFSS translatability is also unclear. Investigation of this relationship is important to compare results
between commonly used test methodologies. This paper evaluates the translatability and sensitivity of IFSS
across micro-, meso- and macro-scale testing protocols. Tests investigated were single fiber fragmentation (SFFT),
Iosipescu and short beam shear (SBS) testing. Twelve pristine fibers were produced using a combination of three
electrochemical oxidation amperages (0 A, 2 A and 3.4 A) and four sizing ratios (unsized, 1:10, 1:15 and 1:20
parts epoxy:water). Results show differences between micro, meso and macroscale IFSS, especially for unsized
fibers and when sizing emulsion ratio is the independent variable. As oxidation amperage and sizing levels were
increased, the disparity in IFSS values across testing scales decreased.
1. Introduction
Carbon fiber reinforced polymer composites (CFRPs) have become
an essential part of modern automotive, aerospace and military in-
dustries, with significant growth anticipated in coming decades [1,2].
While desired for their high strength, stiffness, and low weight prop-
erties, poor fiber-to-matrix adhesion in CFRPs is an inherent weakness
that can limit the realisation of their full mechanical potential. Inter-
facial debonding and delamination are among the most common modes
of failure experienced by composites laminates [3–6]. During fiber-
matrix debonding, stress is unable to be transferred effectively from the
ductile resin to the high strength fibers and premature composite failure
occurs [7]. Interfacial debonding remains a prominent mode of failure
due to poor fiber-matrix compatibility. As the surface of carbon fibers is
largely chemically inert, polymer-based resins are commonly unable to
form chemical bonds that would facilitate improved adhesion and
promote effective stress transfer [8–11].
The two current methods used for improving fiber functionality and
thereby addressing poor interfacial adhesion on carbon fiber manu-
facturing lines are “electrochemical oxidation” and the application of a
“sizing agent”. The effects of both these treatments on interfacial shear
strength (IFSS) in single fiber fragmentation testing (SFFT) micro-
composites has been discussed in a previous study [12] and is not the
focus of this paper.
Rather, in addressing poor interface adhesion, many approaches
including chemical oxidation [13–16], sizing [17–20], plasma treat-
ment [21–23] and surface grafting [24–27] have been employed with
varied degrees of success. While a large body of research currently
exists on improving interfacial adhesion, there is little emphasis in
published literature on ensuring the experimental methods used to
determine IFSS are comparable to one another. Importantly, are IFSS
values determined at a single fiber microscale translatable to macro-
scopic laminates? If so, to what degree does this occur and similarly
what influences may mesoscale neighbouring fiber and ply layer in-
teractions be having during this scale-up?
Work out of Michican State University by Drzal et al. Madhakur
et al. and Herrera-Franco et al. [28–30] across three separate publica-
tions provides the only systematic commentary of IFSS comparison
across micro, meso and macro scales. In this research, interface bonding
strength was classified as “weak”, “moderate” and “strong” and me-
chanical performance was correlated using various tests, including
SFFT, Iosipescu testing and SBS. Research revealed differences in IFSS
values between testing methods exists but decreases as interface
strength increases. Unfortunately, no specific information regarding
surface treatment conditions of these three interfaces was provided nor
how this may have effected translatability. While these works establish
a link between tests, and are indeed the inspiration of this study, there
still remains unanswered questions on how different treatments
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methods may in uence data correlations.
Studies comparing microscale to macroscale performance (by-
passing mesoscale testing) of novel aromatic and aliphatic sized bers
have also been conducted by Downey & Drzal [31]. Macroscale IFSS
values were signi cantly greater than microscale, which was attributed
to both testing variability and complex stress redistributions of SBS
laminates [32,33]. Studies comparing mesoscale and macroscale
properties have also been conducted, albeit infrequent, investigating
the e ects of di erent resin systems on IFSS [34,35]. Disagreement as
to which test provides greater IFSS values exist, which may be a point of
inconsistent ber-matrix selections and testing scale up. While litera-
ture provides a precedence showing the e ects of interface modi ca-
tions on IFSS, further analysis is required to understanding the nuances
and sensitivities of treatments and their relationship to mechanical
tests.
This study is the rst of its kind to map the translation of IFSS values
across microscale, mesoscale and macroscale testing formats as a function
of electrochemical oxi dat ion and  sizing surface treatments. SFFT was
used for microscale testing as it is the most common method of IFSS
quanti cation existing in currently literature. Iosipescu (v-notch shear)
tow testing was applied at the mesoscale as it provides the most uni-
form region of pure shear of any testing protocol [36], allows ex-
ploration of single tow interactions and is consistent with existing lit-
erature comparisons. SBS testing was applied for macroscale testing as
it is the most prominent IFSS laminate test and considers the e ects of
ply interactions.
A pilot scale carbon ber line (www.carbonnexus.com.au) was used
to manufacture 12 pristine carbon ber variants, providing complete
control over processing conditions. Three electrochemical treatments
and four sizing emulsion ratios were applied concurrently to create a
testing matrix of 12 unique bres. Each ber was tested by the three
aforementioned methods with results showing IFSS is extremely sensi-
tive to treatment conditions.
1.1. A note on interfacial strength evaluation
IFSS is the accepted quanti er of interfacial adhesion in experi-
mental testing. As the name suggests, it refers the strength of an in-
terface to resist failure under a shear stress state. The means by which a
shear stress state is induced is variable for all mechanical tests. Thereby
exploration of each test is required to ensure di erences in data across
testing scales can be understood and comparisons made.
The SFFT is the most common microscale experiment used to de-
termine IFSS [37,38] . In this test a single carbon ber lament is em-
bedded into a resin matrix and subsequently elongated along the axis of
the ber. Di erences in elongation properties between the brittle ber
and ductile resin cause shearing to occur at the ber-matrix interface.
As stress at the interface eventually exceeds ber tensile strength, the
embedded ber will fragment [39]. As loading continues, the ber will
continue to fragment into smaller and smaller lengths until it can no
longer reach a large enough stress to fragment. This is known as
“ fragment saturation” . IFSS is quanti ed by measuring the length of the
fragments within this specimen. Smaller fragments typically denote
greater interfacial adhesion as the area required to transfer a large
enough stress to exceed ber tensile strength is smaller. Thus, this
method provides a simple and quanti able means of determining IFSS
under the assumption of perfect ber wetting. Some criticisms have
been levelled towards SFFT however as Piggott et al. [37] quoted “ The
result is unduly in uenced by the surface roughness of the ber and the
shrinkage pressure, neither of which are related to adhesion” . While this
may indeed play some role on results, it has not stopped SFFT becoming
the most prominent microscale test for determining IFSS (see ESI).
Iosipescu testing (V-notch shear testing), requires specimens to be
rectangular with two v-notches cut along the centre (see ESI). Speci-
mens can be either laminates or single tows embedded between the v-
notches [40–42]. The Iosipescu test allows for mesoscale testing of
single tow bundles to quantify neighbouring ber interaction and resin
permeability concerns. Specimens are loaded into a specialised test
xture and secured. One side of the specimen remains static while the
other side is moved horizontally down. This creates a plane of pure
shear stress across the two notches [43,44] . Dependant on the ber-
matrix strength, samples will break at di erent loads, which are sub-
sequently used to determine IFSS. While this test provides, arguably,
the most reliable stress distribution of the three methods [45–47],
concerns have been outlined regarding the e ects of stress concentra-
tions about the v-notches [48–50]. Counter-studies reveal that provided
samples are created in accordance with ASTM D5379 [51], notches will
not play a role on nal results [52,53].
SBS testing requires a unidirectional laminate to be created and
loaded in a three point or four point xture. As the central rollers are
lowered, the top plies of a laminate will experience compression while
the bottom plies will experience tension. Consequently the centre of the
laminate experiences a shearing stress during bending. Again IFSS is
measurable dependant on the laminates ability to resist cracking or
delamination which most commonly occurs across the laminate centre.
While this method is the most common macroscale interface test in
literature [36] it is not without criticisms. The existence of stress con-
centrations and mixed mode bending stress distributions have both
been highlighted as potential points of concern when applying SBS
testing [41,54].
The authors would argue that no experimental test is perfect.
However the three tests used within this study provide the most ap-
propriate means to investigate IFSS across the micro, meso and macro-
scales Fig. 1. The also o er the greatest impact in attempting to con-
solidate IFSS results in existing literature, thereby strengthening the
resolve and relevance of all existing research that has applied any of
these tests.
2. Experimental
The carbon bers used in this study are the same as those published
in [12]. For full topological and chemical characterisation refer to
previous work. The factors causing improved adhesion as a function of
oxidation and sizing are not considered in this publication. Rather this
study only considers the e ects of treatment conditions and their e ects
on IFSS translatability across testing scales.
2.1. Materials
2.1.1. Carbon bers
Polyacrylonitrile (PAN) carbon bers were produced using a Jilin
Chemical Industry (China) supplied precursor. A 600 cN tension was
maintained across bers during fabrication. Stabilisation oven tem-
peratures increased from 230 °C to 260 °C across four heating zones
each 20 m in draw length. Low temperature (LT) and high temperature







Fig. 1.  Micro, meso and macroscale measure-
ment range with respect to a single re-
presentative carbon ber. (For interpretation of
the references to color in this gure legend, the
reader is referred to the web version of this ar-
ticle.)
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850 °C (LT) and 1100 °C to 1450 °C (HT), respectively. The combined LT
and HT furnace draw length was 6 m.
Following carbonisation; bers underwent electrochemical oxida-
tion and sizing treatment. Electrochemical oxidation consisted of sub-
merging bers within an ammonium bicarbonate, (NH4)HCO3, elec-
trolyte and applying a current through the bath. Electrolyte
conductivity was maintained at 20.4 mS/ cm. Amperage passed through
the bath was varied between 0 A, 2 A, and 3.4 A. Following oxidation
bers were washed using DI water and dried before entering a sizing
bath.
The sizing bath solution was created by dispersing Epoxy 834
(Hexion, USA) into water. The emulsion ratio of Epoxy 834 to water
was varied between 1:20, 1:15 and 1:10. Each sizing-to-water ratio
provided varied sizing consistency. Unsized bers were also manu-
factured that bypassed the sizing bath process. Subsequent to sizing, all
bers underwent a nal air-drying process before being spooled and
packaged.
By varying surface treatment amperage and sizing ratio, a set of 12
unique bers were manufactured. For simplicity a coding system was
developed to classify bers and will be used for the remained of this
report. 0 A, 2 A and 3.4 A denotes bers that underwent oxidation at
0 A, 2 A and 3.4 A, respectively. S20, S15 and S10 represent bers with
a sizing ratio of 1:20, 1:15 and 1:10 parts Epoxy 834 to water. S0 refers
to unsized bers. All ber con gurations in accordance to treatment are
listed in Table 1 for ease of reference.
2.1.2. Resin
The resin system used in this study was epoxy RIM 935 mixed with
RIMH 937 hardener (Hexion, USA). The weight ratio of each con-
stituent was 1:0.4 parts epoxy to hardener. Once combined, the mixture
was stirred thoroughly for 15 min, then degassed at 100 kPa for 20 min
to remove any latent air bubbles. Resin was subsequently used to create
testing samples (Section 2.2). Resin was cured occurred at room tem-
perature for 48 h then post cured at 100 °C for 12 h.
2.2. Testing
2.2.1. Tensile strength of single CF’s
Each ber type was tested for tensile properties using a Favimat
single ber tester (Textechno H. Stein, Germany). A minimum of 60
individual ber laments (each 5 cm in length), tested at an e ective
loading length of 2.5 cm, were extracted from tow bundles and loaded
into the Favimat robot. An 8 g pre-weight was applied to the bers
before being testing to align bers. The favimat robot then applies a
tensile load until ber failure. Tensile strength, elongation, elastic
modulus and linear density are all recorded during testing.
Table 2 shows the tensile strength properties of all ber variants.
The only bers that show statistical di erence were those in the S10
class. This is not being attributed to the treatment process but rather
damage caused during Favimat testing. The authors note that as sizing
ratio was increase from S20 (lightly sized) to S10 (heavily sized), ber
laments become harder to extract due to a high tack. Although di -
cult to extract the required bers from the S10 tows, it was possible.
However the di culty of extraction may have introduced surface aws
to bers which are known to degrade ber tensile strength [55].
Table 3 provides the Young modulus properties of the bers in this
study. With standard deviation included, all values are comparable. S10
bers were observed to have a slightly lower average modulus than
other variants. This is not being attributed to ber handling or testing,
but rather due to variation in ber tensioning during carbon ber sta-
bilisation. All bers still remain within very similar mechanical prop-
erties and remain acceptable for testing.
A Weibull probability (P) distribution was performed on ber data
to calculate the cumulative probability of each ber to undergo pre-
mature failure. Linear distribution of data points denotes con dence in
ber quality, removing any concerns of material variability as a factor
in mechanical testing. The Weibull probability was determined using
Eq. (1) where is the applied tensile strength,  m  is the Weibull shape




For each con guration tensile strength was rearranged from smal-
lest to largest and P calculated at each point using the median rank
method (Eq. (2)) where  n  is the total number of samples run (n = 60)
for the given con guration and  i  is the tenacity ordered rank. Through
linear regression of data points the Weibull shape parameter and
characteristic stresses were determined. For a complete discussion of









Additional data regarding elongation, linear density, and failure
stress is provided in the ESI.
2.2.2. Single ber fragment testing (SFFT)
SFFT testing samples were created by isolating single bers from
pristine tow spools and cutting them to a 45 cm length. Sticky tape was
placed at either end of bers and a peg clipped to this tape. Fibers were
then positioned in a specially designed silicone mould (Silastomer P40,
Dalchem, Australia) where they remained axially tensioned. The weight
of the pegs on the bers provided a pre-tension of 3.4 mN. Resin was
then injected into the dog-bone mould using a 3 ml syringe thereby
embedding the bers. E ective ber length was 25 mm with an overall
dog-bone length of 40 mm. Specimen dimensions of the SFFT samples
are available in supplementary data. Curing occurred as detailed in
Section 2.1.2. Further discussion of sample manufacturing is provided
in the previous paper [12].
Samples were subsequently loaded into a 50 kN Intron tensile tester.
Mechanical jaw clamps secured the specimen in place. An elongation
rate of 0.05 mm/ min was applied. Testing was stopped after 50 min or
upon specimen fracture in which ber fragment saturation had oc-
curred. Testing was in accordance to protocol outlined in Feih et al.
Table 1
Fiber classi cations table within this study.
Amps Unsized Sized (1:20) Sized (1:15) Sized (1:10)
0 A 0A-S0 0A-S20 0A-S15 0A-S10
2 A 2A-S0 2A-S20 2A-S15 2A-S10
3.4 A 3.4A-S0 4.3A-S20 3.4A-S15 3.4A-S10
Table 2
Single ber tensile strength (MPa) of pristine bers within this study.
Current (A) Unsized Sizing (S20) Sizing (S15) Sizing (S10)
0 3.59 ± 0.84 3.92 ± 0.73 3.42 ± 0.73 3.20 ± 0.77
2 3.70 ± 0.60 3.73 ± 0.77 3.67 ± 0.77 3.32 ± 0.89
3.4 4.10 ± 0.72 3.85 ± 0.66 3.54 ± 0.66 3.34 ± 0.86
Table 3




Unsized Sizing (1:20) Sizing (1:15) Sizing (1:10)
0 256.2 ± 14.9 257.7 ± 6.3 251.6 ± 5.9 240.1 ± 16.4
2 259.2 ± 6.0 257.6 ± 6.2 252.7 ± 11.2 232.9 ± 11.4
3.4 263.7 ± 7.3 252.8 ± 11.5 251.8 ± 9.6 238.9 ± 13.1
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[39].
An Olympus DP70 polarised light optical microscope was used to
measure fragment length. Olympus stream version 2.2 program was
used to calibrate and measure individual ber lengths that were sub-
sequently recorded and tabulated to provide the average and critical
ber crack lengths for each sample con guration. Fragment lengths
were measured in accordance to the protocol outlined in Feih et al.
[39]. The critical crack length (lc) experienced at fragment saturation
was calculated using Eq. (3). Using the critical crack length data and the
known single ber tensile strength ( )f determined by Favimat testing,












Iosipescu specimens were created by tensioning a 12k tow into a
specially designed silicone (Silastomer P40) v-notch mould. Tows were
tensioned by hand and inserted across the mould cavity. Subsequently a
RTMB hand held tension meter was used to apply a tension load of
100 N to bers before being taped down to a caul plate. Resin was
injected into the silicone mould to embed bers and subsequently
cured. Cured samples were removed from the silicone moulds and a
precision rotary cutter (Dremel 3000, Germany) used to remove excess
ber from samples and re ne v-notch shape. A notch radius of 1.3 mm
was carefully cut to mitigate stress concentrations [56] in accordance to
ASTM D5379. Edges were also polished using a 500 and 1000 grit pad.
Specimens were then loaded into a Modi ed Wyoming Iosipescu
test xture [57,58]. The xture was fastened to a 10 kN Instron ma-
chine and specimens secured within. The xture works by maintaining
one side of the specimen static while the other end is pushed downward
at a rate of 2 mm/ min. This creates a pure shear stress region across the
centre of the specimen where the bers are embedded. Dependant on
the strength of the interfacial bond, failure load will vary accordingly.






2.2.4. Short beam shear (SBS) testing
SBS specimens were created in accordance to ASTM 2344 [59], by
laying ber tows in a unidirectional (UD) orientation using an auto-
mated winding robot. UD plies were then stacked on-top of one an-
other. A vacuum assisted resin transfer (VARTM) was used to impreg-
nate the ber laminate. Vacuum was maintained at 100 kPa for 48 h
during room temperature curing and samples were post-cured at 100 °C
for 12 h without vacuum. Fiber volume fraction of laminates was 0.55.
A rotary precision cutter (Dremel 3000, Germany) was used to cut out 5
SBS samples from each laminate with dimensions of 2.5 mm thickness,
5 mm width and 30 mm length.
Specimens were then loaded into a 3 point bend testing xture with
an e ective span length of 25 mm. Roller diameters were 10 mm and a
compression rate of 1.0 mm/ min applied to the central roller. Failure








3. Resul ts and discussion
3.1. E ects of electrochemical oxidation
Fig. 3 shows the average IFSS across the three mechanical tests for
all  unsized (S0) bers at di erent surface treatment amperages. It was
observed that as the testing scale increased from micro to meso to
macroscale, so did the calculated IFSS. This was observed for all three
amperages. Variation between test types was largest for bers that had
not undergone any surface treatment or sizing (0A-S0) giving a
19.9 MPa di erence between SFFT and SBS values. This is signi cant as
SBS testing gives a 97.6% increase in calculated IFSS for the same in-
terface conditions. Fibers treated at 2 A and 3.4 A showed smaller
variance between micro and macro results with a 14.8 MPa and 9.8 MPa
di erence, respectively. These variations however are still extremely
prominent, and show as testing scale goes up, so does calculated IFSS.
This implies that for unsized bers, IFSS is extremely sensitive to
test selection. However IFSS di erences between tests decreased with
increased surface treatment amperage. This is possibly because oxidi-
zation causes the bers to become more homogenous either physically
or chemically, and potentially both. Observed reductions on surface
roughness caused by oxidization treatment may allude to this improved
heterogeneity as seen in prior research [12] (see ESI).
Fig. 4 shows the average IFSS of lightly sized (S20) sized bers at
the three di erent amperages. No statistically signi cant variation was
found between IFSS values calculated through SFFT and Iosipescu
testing. Variance between the 2 A and 3.4 A treatments was less than
1 MPa. Similarly 0 A bers gave SFFT and Iosipescu values which were
well within error margins. Hence, for S20 sized bers, a strong corre-
lation between SFFT and Iosipescu testing is observed. When compared
to the unsized bers (Fig. 3), data suggest that, between a micro-to-
meso scale relation, the sizing plays a role in making the ber surface
more homogeneous and testing is thereby more translatable across
scales.
However, a notable increase in IFSS was observed for SBS testing.
Lightly sized and unoxidized bers (S20-0A) increased by 11.6 MPa
between SFFT and SBS. Similarly, 2 Amp (2A-S20) and 3.4 Amp (3.4A-
S20) oxidized bers showed a di erence of 9.6 MPa and 9.0 MPa, be-
tween the SFFT and SBS values, respectively. In all instances SBS values
were the largest. Interestingly as surface treatment amperage increased,
the di erence across testing scales decreased. This is consistent with
observations unsized bers (Fig. 3). Thus lightly sized bers seem to be
less to the e ects of testing selection and the e ects of improved
translation across test scales by increased amperage is not masked by
the presents of sizing.
Fig. 5 shows the IFSS values of moderately sized bers at three
di erent surface treatment amperages. Comparatively, IFSS is more
consistent across tests than previous unsized or lightly sized bers. The
greatest variation again was related to bers that had not undergone
any electrochemical treatment. Fibers that had undergone surface
treatment at 2 A and 3.4 A showed a strong correlative relationship
between IFSS through SFFT and Iosipescu testing, with variation below
0.32 MPa and 1.21 MPa, respectively. This is in line with the results
observed for the lightly sized bers (Fig. 4). Comparatively, 0 A un-
treated bers showed a 6.41 MPa increase from SFFT to Iosipescu re-
sults. These suggest the SFFT and Iosipescu testing provide comparable
results for S15 sized bers provided bers have undergone  some  form
of surface treatment.
SBS results were found to be slightly higher than SFFT and Iosipescu
values for both the 2 A and 3.4 A bers. The increase from Iosipescu-to-
SBS was in the order of 4.81 MPa and 3.55 MPa, respectively.
Conversely 0 A bers observed a drop of 3.65 MPa when increasing
testing from Iosipescu to SBS. Hence a mixed trend between testing
translatability of these two tests is observed dependant on treatment.
Existing literature showing both these scenarios exists, thereby results
of this study may provide some insight into why this distinction may
have occurred. Careful consideration into the e ects of testing metho-
dology is thereby recommended when comparing multiple interface
variables concurrently.
Fig. 6 shows the IFSS for heavily sized bers (S10) with di erent
increasing amperages. Unsized bers (contrary to previous trends)
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showed no variance in IFSS across micro, meso and macroscale testing.
Hence microscale results are translatable to meso and macroscale per-
formance for unsized bers with a thick sizing. This is also true for
bers that have undergone oxidative treatment.
Results suggest that the surface of the bers is quite heterogeneous,
as has been reported elsewhere [60]. And the use of light sizing or no
sizing causes this heterogeneity to become very obvious between test
scales. This makes sense as this would correlated to variable adhesion
along the ber length thus giving rise to larger variation in the observed
IFSS. When a thicker sizing is used (such as S15 and S10) surface het-
erogeneity may be masked to a certain extent causing the discrepancy
across testing scales to be reduced. Additionally, the role of the applied
current to the ber during surface treatment may have a chemical
‘smoothing’  e ect on the surface of the bers resulting in a material that
still has a heterogeneous surface but does not possess the same extremes
as untreated bers. Again, this is postulated due to the less pronounced
variation in IFSS across the test values examined in this manuscript.
By analysing Figs. 4–7 several conclusions can be drawn. Firstly,
unsized bers have the highest variability across testing scales with
calculated IFSS increasing as testing scale simultaneously increased.
This increasing trend was constant for all three unsized bers types
Iosipescu SBS SFFT
Fig. 2.  (Left) SFFT loaded specimen (Middle) Iosipescu mounted specimen. (Right) SBS mounted specimen. (For interpretation of the references to color in th is gure






0 A 20.37 (1.37) 29.10 (4.41) 40.27 (1.21)
2 A 28.70 (1.99) 36.21 (1.72) 43.47 (3.62)
3.4 A 32.54 (1.11) 38.30 (2.74) 42.31 (3.51)
Fig. 3.  IFSS values for unsized bers across three di erent surface treatment
amperages. Tested across SFFT, Iosipescu and SBS testing. (For interpretation of
the references to color in this gure legend, the reader is referred to the web







0 A 25.95 (1.01) 23.34 (4.10) 37.52 (3.88)
2 A 31.36 (0.99) 31.36 (3.07) 40.96 (4.39)
3.4 A 32.78 (2.46) 33.72 (4.75) 41.80 (4.17)
Fig. 4.  IFSS values for S20 sized bers across three di erent surface treatment
amperages. Tested across SFFT, Iosipescu and SBS testing. (For interpretation of
the references to color in this gure legend, the reader is referred to the web








0 A 31.80 (2.46) 38.21 (6.46) 34.56 (1.48)
2 A 41.41 (1.79) 41.09 (5.39) 45.90 (3.55)
3.4 A 45.05 (1.58) 43.85 (2.51) 47.39 (2.62)
Fig. 5.  IFSS values for S15 sized bers across three di erent surface treatment
amperages. Tested across SFFT, Iosipescu and SBS testing. (For interpretation of
the references to color in this gure legend, the reader is referred to the web
version of this article.)
F. Stojcevski et al. Composites Part A 118 (2019) 293–301
297
regardless of oxidation surface treatment. However, as increasing sur-
face treatment current is applied increased the disparity in IFSS across
tests reduced.
For all sized bers, a strong relationship appeared between SFFT
and Iosipescu IFSS values. The relationship is strongest when bers
have undergone some form of surface oxidation treatment, while un-
treated bers were observed to exhibit some inherent variability.
Comparatively, IFSS values determined through SBS for unsized, and
lightly sized bers were noticeably larger than all other tests for all
ber types excluding the S10 sized bers. This suggests that SBS testing
may indeed be sensitive to sizing and thus overestimating IFSS under
these circumstances. Heavily sized bers showed a very good re-
lationship across all testing methods suggesting a thicker sizing ratio
may reduce disparity between testing formats, though this comes with
practical limitations with respect to ber handling and processing.
It is worth noting that all gures showed the same linearly in-
creasing IFSS trends as surface oxidization amperage increased. This
was true for all three tests in all four gures. This implies that re-
gardless of the test methodology, the same conclusions of optimal IFSS
conditions would be drawn in an independent study. Thus testing
selection is  not  found to be sensitive to applied amperage, provided
that surface treatment is the independent variable being investigated.
3.2. E ects of sizing ratio
This section will explore the e ects of sizing ratio as the in-
dependent variable across three di erent oxidization condition. Each
oxidization condition is represented by a di erent gure with IFSS re-
sults of each test represented by a di erent colour (SFFT - ora nge,
Iosipescu - yellow, SBS –  green).
Fig. 7 shows the IFSS of untreated (0 A) bers exposed to the four
di erent sizing dilutions. When testing was conducted via SFFT, an
increasing trend was observed to an optimal condition at S15, before a
drop o occurred at S10. Unsized bers had the lowest IFSS at 20.4 MPa
while S15 bers had the largest at 29.1 MPa. Increased sizing dilution
to S10 decreased IFSS. When testing method was up-scaled to SBS a
linear downward trend was observed. Unsized bers performed best
with an IFSS of 40.3 MPa and S10 bers had the lowest values at
29.23 MPa. When testing was conducted using Iosipescu testing a third
trend of randomised performance was observed. S20 bers had the
lowest IFSS followed by unsized and S10 sized bers. S15 coated bers
were highest again at 38.21 MPa.
What these three trends imply is that dependant on the testing
methodology used, the conclusion of best performing and worst per-
forming bers will be di erent. This is extremely valuable knowledge
as it reveals a clear sensitivity of IFSS testing evaluation when sizing
deposition is the variable for untreated (0 A) bers.
Fig. 8 shows the IFSS values of 2 A surface treated bers across the
four sizing dilutions. SFFT showed an increasing trend to an optimal
condition at S15 before a drop o at S10. Unsized bers providing the
lowest IFSS at 28.7 MPa and S15 bers performing the best at 41.4 MPa.
This trend is the same as that observed for untreated 0 A bers (Fig. 7).
Iosipescu testing shows the same unordered trend as in Fig. 7. S20 bers
performing the lowest at 31.3 MPa followed by unsized and S10 bers
with S15 performing highest at 41.1 MPa.
When SBS testing was altered to, a third alternate trend was ob-
served that is di erent to that of the 0 A condition (Fig. 7). S10 bers
performed lowest at 36.64 MPa followed by S20 and unsized bers. S15
bers again performed highest at 45.9 MPa.
Each of these tests provides a di erent trend and arrangement of
highest to lowest IFSS. Thus calculated IFSS for 2 A surface treated -
bers is extremely sensitive to the methodology applied with di erent
conclusions regarding interfacial adhesion being drawn for each test.
Interestingly the trend in SBS values has also changed from the 0 A to







0 A 27.95 (3.06) 28.92 (1.65) 29.23 (1.14)
2 A 37.84 (1.59) 38.55 (2.96) 36.64 (2.50)
3.4 A 37.75 (1.45) 41.59 (1.93) 38.04 (1.70)
Fig. 6.  IFSS values for S10 sized bers across three di erent surface treatment
amperages. Tested across SFFT, Iosipescu and SBS testing. (For interpretation of
the references to color in this gure legend, the reader is referred to the web








Unsized 20.37 (1.37) 29.09 (4.41) 40.27 (1.21)
S20 25.95 (1.01) 23.34 (4.10) 37.52 (3.88)
S15 31.80 (2.46) 38.21 (6.46) 34.56 (1.48)
S10 27.95 (3.06) 28.92 (1.65) 29.23 (1.14)
Fig. 7.  IFSS values for untreated (0 A) bers across four sizing treatments. (For
interpretation of the references to color in this gure legend, the reader is re-






Unsized 28.70 (1.99) 36.21 (1.72) 43.47 (3.61)
S20 31.36 (1.00) 31.35 (3.07) 40.96 (4.39)
S15 41.41 (1.79) 41.09 (5.39) 45.90 (3.55)
S10 37.84 (1.59) 38.55 (2.96) 36.64 (2.50)
Fig. 8.  IFSS values for 2 A oxidized bers across four sizing treatments. Tested
in SFFT, Iosipescu and SBS. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)
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macroscale trends.
Fig. 9 presents the IFSS values for 3.4 A surface treated bers across
the four sizings. SFFT showed the same increasing trend to the optimal
S15 condition before a drop o at S10. Unsized bers performing
lowest at 32.54 MPa and S15 bers performing best at 45.05 MPa. In-
terestingly the di erence between the unsized and S20 sized bers has
attened out with results being near indistinguishable. This was not
observed with the previous 0 A and 2 A conditions. Iosipescu tested
samples follow the same disordered trend as the previous two condi-
tions with the order of best to worst performing bers being S20, un-
sized, S10 and S15 sized bers. SBS testing followed the same trend as
that observed in Fig. 8 with S10 sized bers performing lowest followed
by S20, unsized and S15. Across these three tests, none present the same
hierarchy of IFSS. Hence for 3.4 A surface treated bers, evaluation is
highly sensitive to test methodology given sizing is the independent
variable.
Each gure presented in “ 3.2 E ects of sizing ratio”  shows a di erent
pattern for calculated IFSS. SFFT provides an optimal drop o curve,
Iosipescu provides a somewhat disordered curve and SBS testing pro-
vides linear decreasing trends for 0 A bers and a disordered trend for
2 A and 3.4 A bers. This lack of consistency between tests illuminates
that calculated IFSS conclusions will be highly subjective to the test
methodology a researcher may apply when sizing dilution is the in-
dependent variable.
3.3. Percentage di erences
This section compares percentage di erence of each test compared
to the other two methods. It is the rst of its kind to map IFSS per-
centage di erences as a function of treatment condition. This data is
crucial as it provides a rough guideline researchers may use to estimate
performance variability of their own materials.
Eqs. (7)–(9) were used to calculate the di erences between SFFT
and Iosipescu results (orange), Iosipescu and SBS results (yellow), and






















Table 4 shows the variations in IFSS values across each test where
amperage is the independent variable. With increased surface treatment
amperage, variation in IFSS across the three tests decreased. Decreases
were 24%, 15% and 12% for 0 A, 2 A and 3.4 A treated bers, respec-
tively. Across each amperage the largest disparity was observed be-
tween tests at the micro and macro scale. Fibers without surface
treatment had an average variation of 39% between micro-to-macro-
scale results, while bers having undergone surface treatment at 2 A
and 3.4 A only varied between 24% and 16%, respectively. In each of
these surface treatment conditions, unsized bers experienced the lar-
gest IFSS di erences.
Where current surface treatment amperage is the independent
variable, IFSS translatability across testing scales improves with greater
current (see Fig. 10).
Table 5 shows the variations in IFSS across the three di erent oxi-
dizations. Percentage variation shows that as sizing deposition in-
creases, the variability in IFSS results decreases from 33% to 4%. For
the unsized and S20 sized ber groupings, IFSS di erences were largest
between SFFT and SBS at 60% and 34%, respectively. Notably the
largest single di erence was observed in the untreated, unsized ber
that showed a 98% disparity. As sizing ratio increased variance between
testing results decreased. Variance for moderately (S15) and heavily
sized bers (S10) was 8% and 4%, with the largest contrasts observed
between the meso and macroscale tests. At these sizings di erence were
however minor (typically 10%).
Where amperage is the independent variable, the relationship be-






Unsized 32.54 (1.11) 38.30 (2.74) 42.31 (3.51)
S20 32.78 (2.46) 33.72 (4.75) 41.80 (4.17)
S15 45.05 (1.58) 43.85 (2.51) 47.39 (2.62)
S10 37.75 (1.45) 41.59 (1.93) 38.04 (1.70)
Fig. 9.  IFSS values for 3.4 A oxidized bers across four sizing treatments. Tested
in SFFT, Iosipescu and SBS. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)
Table 4
IFSS di erences across the three mechanical tests where Amperage is the independent variable.
Treatments MPa %
Amp Sizing SFFT/ Ios Ios/ SBS SFFT/ SBS SFFT/ Ios Ios/ SBS SFFT/ SBS Ave. %
0 A Unsized 8.72 11.18 19.90 30% 28% 98%
S20 2.61 14.18 11.56 11% 38% 45%
S15 6.41 3.65 2.76 17% 11% 9%
S10 0.96 0.31 1.27 3% 1% 5%
15% 19% 39% 24%
2 A Unsized 7.51 7.27 14.78 21% 17% 51%
S20 0.01 9.60 9.59 0% 23% 31%
S15 0.32 4.81 4.49 1% 10% 11%
S10 0.71 1.91 1.20 2% 5% 3%
6% 14% 24% 15%
3.4 A Unsized 5.76 4.01 9.76 15% 9% 30%
S20 0.94 8.08 9.02 3% 19% 28%
S15 1.21 3.55 2.34 3% 7% 5%
S10 3.84 3.55 0.29 9% 9% 1%
7% 11% 16% 12%
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sizing (see Fig. 11).
4. Conclusion
The e ects of surface treatment and sizing deposition on interfacial
testing protocols were compared at a micro, meso and macroscale. Tests
applied to assess IFSS at each respective scale were SFFT, Iosipescu tow
testing and SBS testing. Calculated IFSS was observed to be sensitive to
both the applied ber treatments. Without any sizing or surface treat-
ment IFSS values were not comparable across di erent mechanical
testing scales. However by increasing sizing ratio, the contrasting in
IFSS between the micro, meso and macroscale was substantially
decreased. Similarly, increased amperage was found to reduce disparity
in calculated IFSS across the micro, meso and macroscale.
If sizing is maintained constant and only is amperage altered as the
independent variable, then the order of calculated IFSS performance
with respect to test method will not be altered. Thus, all testing
methods would draw the same conclusions regardless of calculation
di erences in IFSS.
If amperage is maintained constant and sizing altered as the in-
dependent variable, a di erent order of best performing IFSS are ob-
served dependant on the testing method used. Hence, IFSS is dependent
on the scale at which they are determined where sizing deposition is
variable.
This is crucial information as it reveals research may be compro-
mised dependant on the testing method used and ber/ matrix con g-
uration. Concurrent increases in both amperage and sizing are shown to
reduce the e ects of IFSS disparity by the greatest margin with S10
bers treated at 3.4 A showing negligible di erence in results. Thus
when determining IFSS, we encourage researchers to carefully consider
their testing approach dependant on the ber conditions. Testing
methodology may cause intra-scalar variation.
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2 A 0.01 9.60 9.59 0% 23% 31%
3.4 A 0.94 8.08 9.02 3% 19% 28%
5% 27% 34% 22%
s15 0 A 6.41 3.65 2.76 17% 11% 9%
2 A 0.32 4.81 4.49 1% 10% 11%
3.4 A 1.21 3.55 2.34 3% 7% 5%
7% 10% 8% 8%
s10 0 A 0.96 0.31 1.27 3% 1% 5%
2 A 0.71 1.91 1.20 2% 5% 3%
3.4 A 3.84 3.55 0.29 9% 9% 1%
5% 5% 3% 4%
Fig. 10.  Percentage di erences of IFSS between di erent testing scales with
respect to treatment amperage. (For interpretation of the references to color in
this gure legend, the reader is referred to the web version of this article.)
Fig. 11.  Percentage di erences of IFSS between di erent testing scales with
respect to sizing dilution. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)
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Chapter 6 entitled “Effects of sizing and electrochemical oxidation of 
pristine carbon fibers on open-hole compressive (OHC) strength” 
compares microscale IFSS to laminate OHC strength. While links to 
interfacial adhesion and fracture toughness as a function of fiber surface 
treatment exist; this chapter is the first to ever compare OHC and IFSS. 
Building on the microscale testing and characterisation in chapter 3, the 
mapping of IFSS microscale to macroscale translatability in chapters 4 and 
5, a solid foundation to compare OHC and IFSS is established. 
As such this chapter is uniquely poised to answer the research question:  
6. Determine if carbon fiber surface treatments improve open-hole compressive 
(OHC) strength. 
Engineering knowledge is expanded by consolidating a link between 
carbon fiber surface treatment variables to laminate scale OHC strength for 















Contribution of Work Statement (Chapter 6) 
Filip Stojcevski was responsible for and contributed the following to chapter 6: 
 Development of a UD weaving methodology. 
 The weaving of 144 unidirectional carbon fiber panels over the course of 5 months. 
 The layup, and infusion of all 9 composite panels comprising of 16 plies each. 
 Ultrasonic quality control checks of composites panels. 
 Arranging of precision water jet cutting for laminates. 
 The experimental testing and data processing of OHC results. 
 Literature research and bulk writing of chapter 6. 
Timothy B. Hilditch was responsible for and contributed the following to chapter 6: 
 The conception of testing OHC strength as a function of microscale IFSS as a 
world first attempt. 
 Interpretation of OHC strength data. 
 Revising of chapter drafts. 
 Assistance in material acquisition and coordination of external expertise. 
Luke C. Henderson was responsible for and contributed the following to chapter 6: 
 Sourcing of weaving devices, machinery and technical expertise of using the UD 
winder. 
 Supervision of the weaving process and weaving quality control checks. 
 Revision and writing of structure for chapter 7. 
 Final approval of drafting. 
 
BY SIGNING this contribution of work statement you are agreeing that your input into 
the publication entitled “Effects of sizing and electrochemical oxidation of pristine fibers on 
open-hole compressive (OHC) strength” is as outlined above. 
Filip Stojcevski 
Signature______________________________  Date 29/01/2019 
Timothy B. Hilditch.  
Signature______________________________  Date 29/01/2019 
Luke. C. Henderson 

























[This page was left intentionally blank] 
155 
 
Effects of sizing and electrochemical oxidation of pristine fibers on open-hole 
compressive (OHC) strength. 
Filip Stojcevskia, Timothy B. Hilditcha, Luke C. Hendersonb, 
a Deakin University, School of Engineering, Pigdons Road, Waurn Ponds Campus, Geelong, 3216, Victoria Australia. 




Modifying the surface of carbon fibers via electrochemical oxidation and sizing has been shown to 
improve interfacial adhesion within carbon fiber reinforced polymer (CFRP) composites. Increasing 
interfacial shear strength (IFSS) has also been observed to improve fracture toughness within carbon 
fiber/epoxy laminates. However a direct correlation between IFSS and open-hole compressive (OHC) 
strength has never been conducted despite OHC strength being inherently linked to fracture 
toughness. This paper investigates the effects of electrochemical oxidation amperages (0 A, 2 A, 3.4 
A) and sizing deposition levels (Unsized, 1:15 and 1:20 parts epoxy:water) to observe the correlation 
between IFSS and OHC strength. Increased IFSS caused by the two respective surface treatments are 






















While carbon fiber reinforced polymer (CFRP) composites are becoming a staple material within 
engineering, their full benefits are yet to be realised. Poor fiber-matrix compatibility between the 
chemically inert carbon fiber surface and ductile matrices is limiting effective stress transfer across 
the interface causing the frequent failure mechanism known as interfacial debonding. 
Methods to improve the chemical functionality of fibers, and thereby reduce interfacial debonding, 
include surface grafting of molecules to fibers [1-5] and even plasma carbonisation [6-8]. While these 
tools are valuable, they remain niche in comparison to the widespread use of electrochemical 
oxidation and sizing treatment. Both of which are the current techniques applied by commercial 
carbon fiber manufactures to modify fiber surface chemistry. 
Electrochemical oxidation involves passing carbon fibers through an electrolytic bath resulting in the 
installation of oxygenated functional groups to the fiber surface [9-13]. Sizing is a thin polymer film 
that is added subsequent to oxidation that coats fibers and acts as an intermediate binder between 
fibers while also promoting fiber-matrix adhesion. Research shows that both oxidation [10,14-17] and 
the application of sizing solutions [18-22] can work to improve interfacial adhesion, however 
performance is best when both are applied concurrently [23,24] to an appropriate matrix system [25]. 
Although studies have shown improvements to interfacial adhesion via the use of electrochemical 
oxidation and sizing, limited research has explored the link of these treatments to macroscale 
mechanical properties such as fracture toughness. Downey et al. [26] examined the effects of aromatic 
and aliphatic sizings on carbon fibers. Results indicate that improvements of 75.1% and 115.3% in 
single fiber interfacial shear strength (IFSS) correlate to a 50.1% and 84.3% increase in mode I fracture 
toughness (GIC) attributed to aromatic and aliphatic sizing, respectively. Fernandez et al.  [27] similarly 
considered modified Diaminodiphenylmethane (DDM) and tetraglycidyl methylenedianiline (TGDDM) 
sizing on intermediate modulus (IM) fibers. IFSS increases of 16.7% and 22.9% correlated to 15.2% and 
30.3% increased mode II fracture toughness (GIIC). Both aforementioned studies only considered epoxy 
resin systems. Liu et al. [28] furthered this correlation by using a thermoplastic sizing in an epoxy resin. 
A 15.5% increases in improved GIIC by 56.1%. 
Clearly, precedence for using fiber surface treatments to improve fracture toughness exists which 
requires further cultivation. Importantly fracture toughness and open-hole compressive (OHC) 
strength are inherently linked as the existence of an open hole in a laminate loaded under 
compression creates high through thickness stresses which cause crack formation and propagation 
[29,30]. Yet, no research has ever attempted to bridge the knowledge gap between IFSS altered by 
surface treatments of carbon fibres and open-hole compressive (OHC) strength. This is in spite of OHC 
strength being a fracture toughness dominated mechanical property [31,32], with holes causing up to 
47% [33,34] and 50% [35] reductions in composite strength. 
Simply, improvements in interfacial adhesion may be used to improve composite strength and prevent 
debonding [36]. Mathematical derivation of fracture toughness components of debonding [37], post 
debonding friction, [38] and stress redistributions [39] as a factor of interface modification can be 
found in the accompanying references. Thus, a clear path outlining interface modification to improve 
OHC strength exists, yet this area lacks specific examination. 
Herein we report the first to link IFSS to OHC strength, influenced by varying surface treatments. While 
this may seem a large scale-up with unaccounted for variables, existing research considering fiber 
characterisation, manufacturing parameters [40] and testing scale up [41] has been published. This 




2.1 Raw Materials 
A set of nine pristine polyacrynitrile (PAN) fibers were manufactured using the Carbon Nexus 
commercial carbon fiber line (www.carbonnexus.com.au). They are the same as those used in 
previous studies [40,42]. PAN precursor was sourced from JiLin Qifeng Chemical Fiber Company (Jilin, 
China). Four 20 meter draw length heating ovens were used for precursor stabilisation. Heating across 
these four zones increased from 230°C to 260°C. Carbonisation involved the passing of fibers through 
a low temperature (LT) and high temperature (HT) furnace with a total draw length of 6 meters. 
Temperature across the LT furnace increased from 650°C to 850°C. Temperature across the HT furnace 
increased from 1100°C to 1450°C. Fiber tension during stabilisation and carbonisat ion was maintained 
at 600 cN. 
Following carbonisation electrochemical oxidation and sizing were both employed. The electrolyte 
used in the oxidation bath was ammonium bicarbonate ((NH4)HCO3) at a conductivity of 20.4 mS/cm. 
Current passed through the electrolyte bath was altered dependant on fiber type between 0 A, 2 A 
and 3.4 A. Subsequent to oxidation, fibers were washed using DI water and dried. 
Fibers were then submerged in a 60 cm sizing bath. Composition of the sizing bath was altered 
dependant on fiber type between “unsized”, 1:20 sized and 1:15 sized fibers. Ratios of 1:20 and 1:15 
refers to the parts Epoxy 834 to parts water used in the sizing mixture. Following sizing, fibers were 
dried and spooled ready for weaving. 
Owing to the altered treatment conditions and sizing, nine fiber variants were created. Classification 
system derived for these fibres is listed in Table 1. 








0 Amps [0 A] 0A-S0 0A-S20 0A-S15 
2 Amps [2 A] 2A-S0 2A-S20 2A-S15 
3 Amps [3 A] 3.4A-S0 3.4A-S20 3.4A-S15 
[   ] – Classification code used to denote fiber treatment condition. 
The resin used for this investigation was Bisphenol A derived RIM 935 resin mixed with RIMH 937 
amine hardener (Hexion, USA). This two-part resin was mixed at a ratio of 1 part resin to 0.4 parts 
hardener. Once both components were combined, the mixture was mixed thoroughly for 15 minutes 
before being degassed at 100 kPa to remove residual air bubbles. The samples were then incorporated 
into the composite samples as specified in section 2.2. Resin was allowed to cure at room temperature 
for 48 hours and subsequently post cured 100 °C for 12 hours. 
2.2 Material Testing 
2.2.1 Fiber mechanical testing 
Mechanical properties of each fiber type was tested using a Favimat single fiber testing robot 
(Textechno H. Stein, Germany). A minimum of 60 single fibers (>5cm in length) were isolated from 
fiber tow bundles and loaded into the Favimat robot with an 8 gram pre-weight attached. The Favimat 
robot then loads fibres under tension until failure while simultaneously calculating tensile strength, 
elongation percentage, elastic modulus and density. Each of these properties has been documented 
in prior studies, [40], however for completeness data is available in accompanying electronic 
supplementary index (ESI). 
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Importantly, no statistically significant difference was observed in tensile strength or elastic modulus 
between fiber types suggesting oxidation and sizing do not detrimentally impact fiber properties. A 
Weibull distribution of each fiber set was also conducted to determine the cumulative probability of 
individual fibers to prematurely fail. This analytical procedure for conducting a Weibull probability 
distribution can be found prior publication [40]. The Weibull shape parameter (m) and characteristic 
fiber stresses (𝜎0) for each fiber type can be found in the ESI. 
2.2.2 Single fiber fragment testing (SFFT) 
Single fiber fragmentation testing (SFFT) is a process of in-situ testing a single fiber axially tensioned 
in a transparent matrix to determine IFSS which is a numerical quantifier of interfacial adhesion. 
Individual fibers of 45 cm length were removed from pristine fiber tows and sticky tape tabs attached 
to either end of the fibers. To each tab, wooden pegs were fixed and using these pegs individual fibers 
were able to be moved and tensioned across a specially designed silicon dog-bone mould. Resin was 
then injected into the dog-bone cavity using a 3 ml syringe until the cavity was completely full and 
fiber was submerged in the middle. The resin was allowed to cure in accordance to section 2.1. 
Once cured, samples were placed into a 50 kN Intstron mechanical tester and elongated at a rate of 
0.05 mm/min for 50 minutes. Mechanical haw clamps were used to fasten samples. During the 
elongation period, the differences in elongation between the ductile resin and brittle fibers causes a 
shear stress state to emerge at the fiber-matrix interface. Dependant on the strength or weakness of 
an interface, a fiber will fragment to different length dependant on how effectively stress can be 
transferred across the interface. These difference in fragment length can then be used to calculate 
IFSS using Equation 1 where single fiber tensile strength (𝜎𝑓) and fiber diameter (𝑑) are determined 
via Favimat testing and critical crack length (𝑙𝑐) is determined by Equation 2 where  











Fragment lengths are measured using an Olympus DP70 optical microscope under a polarised light 
source. All testing and fragment observations were completed in accordance to the testing protocol 
outlined in Feih et al.  [43]. 
2.2.3 Open-hole compression (OHC) testing 
OHC testing requires quasi-isotopically stacked composite laminates with the inclusion of a central 
circular hole to be compressed until failure. A complete history of OHC testing and development of 
ASTM D6484 is explored by Lubowinski et al.  [44].The effects of stacking sequence [45], hole diameter 
[46] and hole to hole interactions [34] as a part of OHC testing have been explored in the accompanying 
references. Testing conducted in this study was structured in accordance to ASTM D6484 [47] with the 
two non-standardized features introduced.  Firstly, specimen length was reduced from 300 mm to 290 
mm due to weaving limitations (discussed below). Secondly due to the experimental nature of the 
weaving device used and the challenges associated with weaving unsized fibers, thickness of some 
laminate samples varied and did not comply with ASTM D6484. As this is a novel attempt to create 
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unsized OHC laminates, it is hoped that careful consideration of specimen thickness throughout the 
paper is sufficient to discuss results and analyse trends.  
Thickness variation was caused by the weaving process used to create 0°, 90° and ±45° plies needed 
for OHC testing. Authors acknowledge thickness variance to be a clear concern of data interpretation. 
Unfortunately unsized fibers are extremely prone to “fiber fluffing” they are unable to be woven using 
traditional methods as severe machine and fiber damage is inevitable. Hence a completely novel 
method of weaving laminates was required. Figure 1 shows a comparison of the unsized and sized 
fibers with and without tension. The unsized fibers presented challenges for handling, lay-up and 
infusion. Thickness variation was thereby caused by the difficulties of creating a novel weaving 
procedure. However, by conducting ultrasonic scanning, porosity analysis, and fiber volume 
comparisons while still having laminates within 0.2 mm thickness of one another, these values are still 
of benefit when attempting to compare IFSS values to compressive strength.  
   
Figure 1:  Comparison of  12k unsized ( left )  and sized (r ight)  pr ist ine f iber  tow without  tension.  
To create the laminate plies, spools were placed through of tensioning rollers and a tow spreader 
before being positioned on a square 340 cm caul plate. At all times fibers remained under tension. 
Once the caul plate was completely covered with fiber, a secondary carbon fiber frame 1 cm in width 
and 340 cm in length was placed around the edge of the fibers. This frame which had double sided 
tape attached allowed the fiber to remain under tension as the frame was repositioned and moved. 
This procedure was completed for all 0°, 90° and ±45° plies. Pristine plies can be seen in Figure 2. 
Once all 16 plies had been created (per fiber configuration) they were stacked in a [45/90/-45/0]2S 
sequence. A vacuum assisted resin transfer infusion (VARTI) was then conducted using a 3 mm inner 
diameter spiral infusion hose, two silicon connector pucks, and a Vacmobile 20/2 resin infusion pump 
under 100 kPa pressure (ESI). A matte finish PA66/nylon release film was placed either side of the 
laminate to provide an even surface finish. Resin was infused into the plies using the aforementioned 
conditions and cure at room temperature for 48 hours at 100 kPa. After room curing the laminate was 
removed from the vacuum bag post cured at 100 °C for 12 hours. The final complete laminate is seen 
in with accompanying OHC prepared samples. 
Specimen samples were 36 mm in width, 290 mm in length and varied between 2.2 and 3.1 mm in 
thickness dependant on the fiber conditions. Hole diameter was 6.25 mm (0.25 inches). A carbide tip 
pilot reamer with a flat chamfered tip was used to cut the holes in testing specimens without fiber 




      
Figure 2:  (Left )  0°  or 90°  p ly  on caul  plate without  f rame.  (Right)  45 °  with frame removed from caul  plate.  
A precision waterjet cutter was used to cut the six specimens from the outlined section of the 
laminates. Specimen cutting was done within a 0.2 mm tolerance. An Omni Scan SX ultrasonic flaw 
detector was used to non-destructively analyse each laminate prior to testing and cutting (see ESI). 
Six samples were created per fiber configuration. 
Testing was done using a 50 kN hydraulic Instron tester. Samples were compressed at a rate of 2 
mm/min until failure. The test fixture used was a model WTH-OH (17-4PH) in accordance with ASTM 
D6484 supplied by Wyoming Test Fixtures (www.wyomingtestfixtures.com). Upon composite failure 
the OHC strength was calculated using Equation 3 where Pmax is failure load (N) and “Area” is the gross 








Figure 3:  (Left )  Laminate ready for  OHC sample cutt ing.  (Right)  OHC samples  pre and post  test ing.  
2.3 Results and Discussion 
2.3.1 Effects of oxidation amperage on OHC strength 
For unsized fiber grouping there was no statistical difference in OHC strength across the three 
oxidation amperages. However, it must be noted that the thickness of the unsized laminates was not 
entirely constant for reasons explained prior (namely weaving and fiber fluffing). Of the three 
conditions, the 0 A laminates had the greatest thickness with the 2 A and 3.4 A laminates being 0.5 
mm 0.3 mm thinner. Due to this variation across composite samples for unsized fibers, these values 
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presented in Figure 4 remain inconclusive. Further testing is required. But it is noteworthy that 
regardless of thickness, OHC strength remained constant. 
For the S20 grouping both 0 A and 3.4 A laminates were of a comparable thickness with variation being 
below 0.11 mm. The 2 A laminates were up to 0.74 mm thicker than the 0 A. As such S20-2A laminates 
results were not considered within this section. A comparison of the untreated 0 A laminates and the 
3.4 A treated laminates shows OHC strength to have increased 46.5 MPa. Where untreated samples 
had an OHC strength of 194.0MPa, 3.4A treated samples had an OHC strength of 240.5 MPa. As such 
a 23.9% increase in OHC was observed. This increasing trend is in line with improved IFSS at the 
microscale. Hence, a 26.27% increase in IFSS caused by a 3.4 A oxidation treatment resulted in a 23.9% 
increase in OHC strength for lightly sized (S20) fibers. 
For the S15 laminate grouping, the 3.4 A treated samples were observed to be the thinnest of the 
three subsets including the 0 A and 2A laminates. 0 A and 2 A laminates had a thickness variation of 
only 0.01 mm while the 3.4 A laminate was 0.2 mm thinner that the 2 A laminate. Hence the 3.4 A 
sample will not be considered within this section of discussion. For the 0 A and 2 A laminates, OHC 
strength was 187.8 MPa and 208.3 MPa respectively. This correlates to a 10.9% increase in OHC 
strength directly attributed to the effects of electrochemical oxidation at 2 A. This increase also agrees 
with the increase in IFSS between the two fiber types. Hence a 41.6% increase in IFSS caused by 2 A 
oxidation resulted in a 10.9% increase in OHC strength. 
Thereby, electrochemical oxidation is found to improve OHC strength for sized fibers with 
improvements being concurrent to IFSS increases. Variance in unsized laminate thickness resulted in 
inconclusive evidence when electrochemical oxidation was the independent variable of choice. 
Further testing of unsized fibers is required. 
 
Figure 4:  Effect  of  amperage across  three siz ing levels compa ring IFSS and OHC strength.  
(IFSS: Black error bars; OHC Strength: Grey Error Bars) 
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Vf 0.54 0.59 0.57 0.62 0.53 0.63 0.55 0.55 0.58 
Table 2:  OHC strength and specimen data with respect  to oxidation amperage variance for three siz ing groups.  
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2.3.2 Effects of sizing ratio on OHC strength 
For the untreated 0 A grouping, S20 samples were the outlier regarding specimen thickness as they 
were 0.66 mm thinner than the unsized (S0) samples. As such the S20 samples are not discussed for 
the 0 A grouping. The thickness variation between S0 and S15 sized fibers was 0.12 mm with the S15 
laminates being the thinner of the two. Unsized samples had an OHC strength of 153.0 MPa while S15 
sized samples had an OHC strength of 187.8 MPa. This correlated to a 22.7% improvement in OHC 
strength for the S15 laminates. This increase is concurrent with a 11.4 MPa increases in IFSS. Hence 
when IFSS increases by 56.1%, OHC increased by 22.7% directly attributed to the application of a S15 
sizing layer. 
Within the 2A grouping, the S20 laminates were 0.58 mm thicker than the unsized (S0) laminates and 
0.85 mm thicker than the S15 laminates. Comparatively variation between S0 and S15 laminates only 
showed a difference of 0.27 mm with the latter being the thinner of the two. As such the S20 fibers 
will not be considered within this discussion. 
When comparing the S0 samples to S15 sized samples a large improvement in OHC strength is 
observed. OHC strength for the unsized and S15 sized samples was 161.00 MPa and 240.5 MPa 
respectively. This corresponds to a 49.4% improvement in OHC strength. This improvement is also 
concurrent with a 4.1 MPa increased IFSS. Hence a 14.2% increase in IFSS caused by the application of 
a S15 sizing layer for 2A oxidized fibers caused a 49.4% increase in OHC strength. 
For the 3.4 A grouping, S20 sized samples again had the largest thickness compared to the unsized 
(S0) and S15 sized laminates. S20 laminates were 0.17 mm larger than the unsized (S0) samples and 
0.2 mm larger than S15 samples. The difference between the unsized and S15 sized fibers was 0.03 
mm with the latter being the thinner. As such 3.4A-S20 condition was not considered in this section. 
The OHC strength for unsized fibers and S15 fibers was equal to 157.9 MPa and 184.5 MPa 
respectively. Thereby OHC strength increased by 16.86%. Similarly IFSS increased between unsized 
and S15 sized fibers by 12.5 MPa. Thereby a 38.44% increase in IFSS resulted in a 16.86% increase in 
OHC strength directly attributed to the application of a S15 sizing later. 
Under all three oxidation groupings, sizing was found to improve both IFSS and OHC strength 
concurrently. While S20 laminates were unfortunately too variable in thickness to consider within this 
discussion, the comparison of the unsized and heavily sized S15 fibers shows clear differences in 
mechanical performance. Hence sizing has been shown to improve OHC strength.  
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Vf 0.54 0.62 0.55 0.59 0.53 0.63 0.57 0.55 0.58 





Figure 5:  Effect  of  s iz ing rat io across  three oxidation amperages comparing IFSS and OHC strength.  
(IFSS: Black error bars; OHC Strength: Grey Error Bars) 
All the aforementioned OHC specimens failed under laminate compressive failure (ASTM D6484 
classification – LGM). The fracture pattern observed is a lateral crack starting from the hole to the 
specimen outsides (see Figure 6). Such a failure is dominated by kinking and buckling within 0° plies. 
This is caused by the laminate experiencing high through thickness stresses during compression. This 
initiates inter-ply delamination which occurs either between the plies through resin rich zones or more 
commonly through the fiber-matrix junction in a phenomena known as fiber tunnelling. As 
delamination occurs the specimens ability to withstand the compressive loads decreases and the 
entire sample deforms to a greater degree before it finally buckles. The buckling ultimately results in 
the bending and fracture of fibers which results in greater stress being imparted on surrounding fibers. 
As this pattern of fiber breakage due to kinking continues, the specimen ultimately reaches 
catastrophic failure. This is common and highly expected as similar OHC studies have also observed 0° 
ply kinking to be the dominate failure mode in quasi-isotopically orientated laminates [48-51]. 
 
Images of the failure mode of the failed holes can be seen in Figure 6. 
   
 
Figure 6:  Representative OHC sample that  has  undergone a  0 °  laminate fai lure.  
3. Conclusion 
Both electrochemical oxidation and the application of sizing were shown to improve the OHC strength 
of composite laminates. Improvements in OHC strength coincided with improvements in IFSS 
attributed to these same surface treatments. The degree to which IFSS and OHC strength were 
correlated was somewhat dependant on the surface treatment conditions applied. Regardless a clear 
trend showing increases in IFSS caused by sizing and electrochemical oxidation resulting in increased 
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OHC strength is observed. Hence academic novelty showing IFSS to improve OHC has been 
established.  
It is also noted that due to the highly developmental and experimental nature of unsized fiber laminate 
weaving, some thickness consistency concerns are apparent. This is attributed the difficulty of 
maintaining and tensioning unsized tows during a RTM infusion via the use of an experimental UD 
winding procedure. Regardless, laminate thicknesses were generally within a comparable range for 
the vast majority of samples tested allowing assessment of OHC strength. It is hoped that regardless 
of thickness variations, the research presented is sufficient to provide the first correlation of IFSS 
improvements caused by manufacturing surface treatments and laminate OHC strength.  
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Chapter 7 - Conclusions 
 
Conclusions 
This thesis has taken an experimental approach to investigate the effects 
of carbon fiber surface treatments and their impact on interfacial adhesion 
and mechanical performance. The following conclusions are drawn: 
1. Increased electrochemical oxidation amperage improves IFSS. 
The cause of improved IFSS was attributed to chemical modification of the 
fiber surface. As oxidation amperage increased so too did oxygen content 
on the fiber surface. This was observed by oxygen peaks in XPS spectra. 
Increased oxidation amperage also smoothened the fiber surface indicating 
mechanical interlocking did not play a role in improved adhesion. However 
the decrease in surface roughness suggests the fiber surface is being 
exfoliated by the oxidation process, which may be a factor allowing greater 
concentration of chemically active sites to be exposed.  
2. Sizing has an optimal ratio at S15 for improved IFSS. 
Parabolic trends observed in SFFT data showed an emulsion ratio of 1:15 
parts sizing to water provides the best IFSS for all fiber in both the 
compared resin systems. A ratio greater or less than 1:15 reduced 
adhesion. This optimal ratio indicates that sizing is a transitional layer 
between the fibers and matrix, chosen for its chemical compatibility to both 
constituents. However underutilization of sizing does not promote enough 
chemical interaction while overexposure causes blocking of chemical 
interaction resulting in a weakened interface. Careful monitoring of sizing 
ratio is needed to optimise mechanical performance. The addition of sizing 
was seen to smoothen fibers. Thus improvements to adhesion were 
attributed to chemical modification of the interface region caused by the 




3. The effects of sizing and oxidation work concurrently together and 
do not mask one another. 
Both electrochemical oxidation and sizing improve. Increases in IFSS 
depend on the treatment conditions and resin being tested however, by 
knowing the expected IFSS increases a prediction for the concurrent IFSS 
when both sizing and oxidation are applied concurrently was able to be 
made to within 10% accuracy. This was valid for 10 of the 12 fiber sets 
examined. Thereby, while not completely accurate, the electrochemical 
oxidation and sizing not seem to mask the effects of improved adhesion 
and work best when applied concurrently. 
4. Pristine unsized fibers and desized fibers provide very similar IFSS, 
however they are chemically and topologically very different. Hence 
desized fibers are not necessarily representative of pristine fibers. 
Pristine-unsized and desized fibers across three oxidation amperages, 
manufactured from the same PAN precursor showed similar IFSS in both 
RIM935/937 and DGEBA/DDM resin systems. While IFSS were similar, 
XPS and AFM analysis reveals chemical composition and surface 
roughness of the fibers to be notably different. Hence, even though IFSS 
may be similar, desized fibers are not necessarily representative of pristine 
fiber interface when considering chemistry or physical topography. 
5. Mechanical interlocking plays no direct role on improving IFSS. 
Both electrochemical oxidation and application of sizing smooth the surface 
of carbon fibers. However with increased oxidation and sizing, IFSS 
increased. Thereby a roughened surface was not found to improve IFSS 
which means mechanical interlocking is not a prevailing mechanism for 
improved fiber-matrix adhesion. 
6. Electrochemical oxidation and sizing both change fiber surface 
polarity, however the impact of surface energy on IFSS is negligible. 
Sizing increases surface dispersive energy while increased amperage 
shows an unordered effect on altering fiber polarity. Even through sizing 
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reduced fiber polarity this seemed to show not effect on adhesion. 
Comparison of fiber surface energy to IFSS showed no notable correlation. 
7. The translation of IFSS using micro, meso and macroscale tests is 
dependent on the surface treatment variable being tested. 
Dependant on surface treatment parameter be considered, IFSS values 
determined using SFFT (microscale), Iosipescu testing (mesoscale) and 
SBS testing (macroscale) will vary: 
 When sizing is kept constant and electrochemical oxidation amperage 
is varied, IFSS is not sensitive to test method. While IFSS increased as 
testing scale got larger (SFFT showing lowest IFSS and SBS showing 
the highest), the relative trends of all three tests were the same. Thus, 
regardless of which test methodology was used for an investigation of 
altered oxidation amperage, the same learning outcomes would have 
been achieved. 
 When amperage was kept constant and sizing was varied variable, 
IFSS results are highly sensitive to test method. While SFFT testing 
showed a parabolic curve, Iosipescu testing showed a sinusoidal curve. 
Comparatively SBS trends changed for under each amperage and 
sizing configuration. In all cases the 1:15 sizing ratio had the largest 
IFSS. However, as each test methodology provided a different IFSS 
trend between best to worst performing fibers, learning outcomes of any 
investigation would be different. Thus, studies using sizing as the 
independent variable are highly likely to be sensitive to the test 
methodology applied.  
8. Increased oxidation amperage and sizing reduce the disparity 
between IFSS results between testing scales. Surface treatment of 
fibers improves translatability of composite performance. 
As oxidation amperage was increased, the disparity between microscale, 
mesoscale and macroscale IFSS values decreased. Similarly, as sizing 
emulsion ratio increased, so did the disparity between IFSS across the 
three aforementioned testing scales. When combined simultaneously, 
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oxidation and sizing were able to reduce IFSS disparity across tests even 
further. Importantly under the thickest sizing condition, result disparity was 
the lowest even though the interface strength was not necessarily the 
highest. Thereby it is not the interface strength that decreases the IFSS 
value disparity. But rather the degree of sizing and/or oxidation applied that 
improves result translatability. Thus, both electrochemical oxidation and 
sizing can help to improve the translatability of IFSS results between SFFT, 





















While this thesis has improved understanding in the field of interfacial 
science, there still remains a large body of future work that can be 
conducted to improve understanding. These possible additions include: 
 Testing of a greater range of oxidation conditions, specifically electrolyte 
variation and electrolyte conductivity, to see if the same IFSS trends are 
observed. 
 Using a larger variety of sizing compounds in the same resin systems 
to see if the optimal sizing ratio (S15) is case specific to these resins or 
does sizing chemistry play a greater role. 
 Test the same fiber variables however extend mechanical testing to 
mode I (end notch flexure) and mode II (double canter-lever beam) 
fracture toughness. 
 Testing of the same fiber variables on compression after impact (CAI) 
response and open hole tension (OHT). A literary link between OHC 
both CAI and OHT already exists. As such, mechanical testing would 
naturally tend towards these tests. 
 Creation of woven fabrics to observe how varied sizing depositions may 
improve performance and reduce fiber damage when weaving via 
traditional Jaquard loom processes. 
 Create a method of determining how sizing may be dissipating away 
from the fiber surface into the interphase during composite layup. 
 Modify resin systems used from thermoset to thermoplastics that are 





While this thesis has attempted to investigate interfacial adhesion as a 
function of carbon fiber surface treatment processes there is much work yet 
to be done to truly understand fiber-matrix interactions. 
While undoubtedly researchers are working hard to understand how 
interfacial adhesion may be improved, the lack of consistency in fiber 
selection, lack of information of commercial sizing compounds and lack of 
data regarding fiber fabrication conditions is causing a highly convoluted 
field that often contradicts itself. It is hoped that by maintaining consistency 
in these parameters this thesis can act as a secure source of information 
by which other research can be compared. 
Furthermore, by both publicising the benefits of mesoscale testing and 
highlighting sensitivities between commonly used microscale, mesoscale 
and macroscale test methodologies, materials researchers are now better 
equipped to both test new fiber-matrix combinations and understand how 
said interfaces may be translatable across different scales. 
Simultaneous modification of sizing ratio and electrochemical oxidation, 
also assist in understanding a previously vague relationship that existed 
between the concurrent both treatments. This thesis now recognised that 
oxidation and sizing work concurrently to improve IFSS and the effect of 
each treatment is NOT mask by the other. Additionally, for the first time 
IFSS and OHC strength have been investigated thereby consolidating a link 
between two previously unlinked testing protocols. 
For all the aforementioned reasons, this thesis has developed the field 
of interface adhesion for the better. It is hoped that reviewers, scientists 
and interested readers can appreciate the issues presented in this thesis 
and how the research shown here has helped develop the carbon fiber 



















The following sections provide supplementary data and images assisting in 
understanding and interpretation of this thesis. While these figures, tables and images 
were not appropriate to include into the thesis body as they did not fit the publication 
format, they are still of great value. Information provided in the appendices aims to 
supplement thesis research and clarify any questions readers may encounter.  
Appendix A: 
Provides a chemical characterisation table (determined through XPS) and mechanical 
properties data (elongation at breakage, fiber diameter and linear density) determined 
via Favimat testing of fibers used in this thesis. 
Appendix B: 
Provides a selection of images related to testing, tools, moulds, fracture images, 
characterisation data and testing facility used throughout this thesis. These images 
were documented at different stages of this PhD and may be used in future to replicate 
testing conditions. 
Appendix C: 
Provides a collection of standard operating procedures (SOPs) that were used during 
testing in this thesis. SOP’s include mechanical testing, basic characterisation 
procedures and a weaving handling manual. 
Appendix D: 
Provides a preliminary set of linear regression plots of existing literature that were used 
to assist in determining trends with relation to IFSS. The effects of fiber roughness, 
oxygenated functional groupings, O1/C1 ratio and surface free energy were compared 
against IFSS. Equations of linear regression and comparisons of coefficients of 
determination are also provided. Data for the most part was inconclusive and variable 
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Appendix A: Tables 
Treatment Sizing C N O Cl Si Na Ca 
Untreated Unsized 
1.000 0.019 0.033 0.001 0.005 0.002 0.001 
(0.000) (0.000) (0.002) (0.000) (0.000) (0.001) (0.000) 
Untreated S20 
1.000 0.005 0.245 0.001 0.005 0.001 0.001 
(0.000) (0.001) (0.000) (0.000) (0.000) (0.000) (0.000) 
Untreated S15 
1.000 0.003 0.235 0.001 0.002 0.000 0.000 
(0.000) (0.001) (0.000) (0.000) (0.001) (0.000) (0.000) 
Untreated S10 
1.000 0.004 0.222 0.001 0.004 0.000 0.002 
(0.000) (0.001) (0.004) (0.000) (0.000) (0.000) (0.000) 
Untreated Desized 
1.000 0.019 0.107 0.002 0.020 0.000 0.003 
- - - - - - - 
2 Amp Unsized 
1.000 0.085 0.141 0.001 0.004 0.005 0.007 
(0.000) (0.002) (0.002) (0.000) (0.001) (0.001) (0.000) 
2 Amp Desized 
1.000 0.038 0.179 0.002 0.008 0.001 0.005 
- - - - - - - 
3.4 Amp Unsized 
1.000 0.096 0.202 0.005 0.007 0.015 0.007 
(0.000) (0.000) (0.002) (0.000) (0.001) (0.000) (0.000) 
3.4 Amp Desized 
1.000 0.036 0.205 0.002 0.018 0.003 0.007 
- - - - - - - 
Table A1: Fiber surface composition ratios obtained via XPS analysis. 
 
Elongation (%) 0 Amp 2 Amp 3.4 Amp 
Unsized 1.49 (0.28) 1.54 (0.20) 1.65 (0.30) 
Desized 1.60 (0.27) 1.51 (0.27) 1.68 (0.23) 
S20 1.64 (0.25) 1.58 (0.30) 1.66 (0.28) 
S15 1.47 (0.33) 1.58 (0.36) 1.54 (0.38) 
S10 1.44 (0.26) 1.55 (0.26) 1.51 (0.26) 
Table A2: Elongation % of fiber types used within this study. 
 
Fiber diameter (μm) 0 Amp 2 Amp 3.4 Amp 
Unsized 5.43 (0.21) 5.48 (0.57) 5.41 (0.49) 
Desized 5.46 (0.13) 5.40 (0.18) 5.48 (0.14) 
S20 5.44 (0.35) 5.40 (0.24) 5.53 (0.21) 
S15 5.44 (0.22) 5.46 (0.20) 5.52 (0.21) 
S10 5.79 (0.46) 5.70 (0.30) 5.70 (0.43) 
Table A3: Fiber diameter (μm) of fiber types used within this study. 
 
Linear density (dtex) 0 Amp 2 Amp 3.4 Amp 
Unsized 0.42 (0.03) 0.43 (0.10) 0.41 (0.09) 
Desized 0.42 (0.02) 0.41 (0.16) 0.42 (0.02) 
S20 0.42 (0.06) 0.41 (0.04) 0.43 (0.03) 
S15 0.42 (0.03) 0.42 (0.03) 0.43 (0.03) 
S10 0.48 (0.08) 0.46 (0.05) 0.46 (0.08) 
Table A4: Linear density (dtex) of fiber types used within this study. 
 
Shape Parameter 0 Amp 2 Amp 3.4 Amp 
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Unsized 4.52 7.18 6.86 
S20 6.46 5.39 5.85 
S15 5.92 5.00 5.13 
S10 5.39 5.37 5.87 
Desized 5.39 5.98 8.96 
Table A5: Weibull shape parameter ‘m’ of fiber types used within this study. 
 
Scale Parameter 0 Amp 2 Amp 3.4 Amp 
Unsized 2.17 2.19 2.44 
S20 2.40 2.28 2.23 
S15 2.27 2.25 2.10 
S10 1.92 2.00 2.01 
Desized 2.40 2.17 2.38 
Table A6: Weibull scale parameter (N/tex) of fiber types used within this study. 
 
r2 0 Amp 2 Amp 3.4 Amp 
Unsized 0.97 0.98 0.92 
S20 0.99 0.93 1.00 
S15 0.99 0.94 0.97 
S10 0.98 0.97 0.98 
Desized 0.98 0.99 0.99 













Appendix B: Figures 
 
Figure B1: O1 XPS spectra for untreated sized (S10, S15 and S20) carbon fibers. 
 
Figure B2: O1 XPS spectra for treated (0A, 2A and 3.4A) unsized carbon fibers. 
 




Figure B4: C1 XPS spectra for untreated sized (S10, S15 and S20) carbon fibers. 
 
 
Figure B5: C1 XPS spectra for treated (0A, 2A and 3.4A) unsized carbon fibers. 
 
 




Figure B7: N1 XPS spectra for untreated sized (S10, S15 and S20) carbon fibers. 
 
 
Figure B8: N1 XPS spectra for treated (0A, 2A and 3.4A) unsized carbon fibers. 
 
 




Figure B10: Fourier transform infrared (FT-IR) analysis of RIM935/RIM937 and DGEBA/DDM resins used within this study. 
 
 
Figure B11: Tensile stress-strain profiles of RIM935/RIM937 and DGEBA/DDM resins used within this study. 
 




Figure B13: Aluminium female mould used to make Iosipescu silicon cast. 
 
 
Figure B14: Silicon male cast of Iosipescu mould with a 12k fiber tow tensioned across centre ingress. 
 
 






Figure B16: The non-normalised load displacements curves of Iosipescu single tow samples in RIM935 resin. 
 
      
Figure B17: Digital imagery correlation (DIC) testing of Iosipescu specimen to assess general stress distribution. 
 
 





Figure B19: Representative 12k tow Iosipescu specimens (fractured) in DGEBA/DDM resin. 
 
Figure B20: Representative (fractured) RIM935/937 Iosipescu specimens, used during a tow sensitivity study. 
 






Figure B22: IFSS values of calculated through SFFT and Iosipescu testing grouped by sizing. (DGEBA/DDM matrix)  
 
 





Figure B24: Representative load-extension curves of RIM935/937 SFFT samples. 
 
Figure B25: Silicon mould used in the creation of SFFT samples. 
 
 
Figure B26: Image of a typical fragment pattern observed under polarised light for SFFT. 
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Figure B28: Carbon Nexus pilot line used for thesis. 
 
Figure B29: Representative Weibull Analysis graphs of processed Favimat data providing shape function. 
 
Figure B30: Image of OHC laminates being examined for defects using a ultrasonic scanner. 
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Appendix C: Standard Operating Procedures (SOPs) 
Open Hole Compression (SOP) 
Quality Control 
Thickness 4 mm ± 1 mm. Cut Ra. (Boeing Ra ~ 80) 
Width 36 mm ± 0.25 mm. Hole Location 150 mm TOP,18 mm ACROSS 
Length 300 mm  ± 0.25 mm. Hole Quality 6mm diam. ± 0.06mm (round)? 
Test day control data 
Record ambient temperature.  
Record ambient humidity.  
Check cross-head speed prior to testing. 
(2mm/min)? 
 
Clean testing tool (free for defects).  
Safety equipment in place?  
Pre-test 
Task Description 1 2 3 4 5 
Inspect coupons for any defects. (inc. Tap test).      
Is there a hole in the sample?      
Record thickness.      
Record width.      
Install the specimen. (2.5 inch grip either side).      
Tension bolts to 10 lbf each.      
Testing 
Enter specimen details and measurements.      
Install the test fixture into test rig.      
Ensure the specimen is perfectly square to clamps.      
Grip pressure of clamps to 2000 psi.      
Balance load cell.      
Reset gauge length.      
Turn safety off.      
Close the door/safety guard.      
Recheck that clamping is at 2000 psi.      
Start only when load is <0.1 offset expected load.      
Press Start.      
Post Test 
Press SAVE immediately.      
Record the failure load.      
Remove specimen.      
Comment on fracture using ASTM code.      
Comment on any anomalies.      
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UD Winding Unit SOP 
1. Protect laptop with carbon fiber fan filter or plastic cover. 
2. Place on baseplates with small side-hinged pins to keep into place. 
3. Load up a fiber spool into far end of winder and feed the fiber tow into rig. 
4. Sticky-tape carbon fiber tow to baseplate.  
5. Connect your USB between the smaller program box and laptop. 
6. Open up Arduino programming. 
a. Upload your .zip file library into the program. 
b. Place in your specific alterations on programming section. 
c. Run your verification. If successful upload onto board. 
7. Plug the larger power box of spool winder into power point (Extension cord 
required). 
8. Begin program and allow to run: 
a. Press centre button once to initiate the verification phase of program. 
b. Press again to begin program spooling. 
9. When finished press reset button. 















DP70 Polarised Microscope SFFT SOP 
Instructions 
DP Controller > Run [ II ►] 
Turn on Light 
Scale: 10 
Adapt Length: 1 
- Use the microscopic ruler to get a scale. 
- Place plates beneath to help calibrate and stabilise it. 
- Size of ruler is 100 micron = 0.01mm. 
Adapt Length: 2 
Adapt Lens on computer = 0.986 (golden ratio) 
Full scale length = 1 mm. 
Always have the top rod of the microscope (A) completely pulled out to the third setting to 
view the images on the computes. 
Use prior steps for length calibration. 
Place small white dot on specimen where it goes from being straight to the initiation of the 
curvature 
Use the polariser lens (B) to alternate between exposures. Ensure that the white dot is 
always facing either north or south for imagery. 
Alternate between the bright field and dark field (G) tab to assess images. 
Make sure that the lower filter (C) is always taken out as it restricts light. 
Systematically measure the entire length of cracks as we move the microscope. Do so by 








A: Viewing options rod. B: Polarised lens. 
C: Light intensity lens. D: 1 micron ruler. 
E: Viewing stands. F: Magnification fine tune. 












Iosipescu testing SOP 
1. Mount the Iosipescu testing fixture onto the 10 kN Instron machine. 
2. Place perspecs safety guard around the test fixture. 
3. Turn on Bluehill 2 software and load up file “H://>Filip Stojcevski>Iosipescu 
Testing II” 
4. Measure specimen thicknesses in 2 places. Average results. Comment on 
compliance. 
5. Measure specimen effective length. Comment on compliance. 
6. Measure the radius of both notches in the specimen. Comment on 
compliance. 
7. Use the white alignment puck to ensure the bottom sections of both the left 
and right section of the Iosipescu testing fixture are perfectly aligned. Fine 
movement of Innstron head will be required. 
8. Mound an Iosipescu sample into the testing fixture. 
9. Use the inbuilt alignment rod to ensure the sample notches align to the 
fixture center. 
10. Secure specimen into place by using the side fastener bolts. Ensure that the 
tension placed on each fastener bolt is equal on each side. 
11. Close the safety guard. 
12. Balance both load and displacement. 
13. Start test. 
14. Once failed stop the test, remove the safety guard and record failure load. 











1. Mount a 3 point or 4 point bending fixture into the 50 kN Instron tester. 
2. Turn on Bluehill 2 software for SBS testing. 
3. Measure the specimen thickness in 3 locations. Average and comment on 
compliance. 
4. Measure specimen width in 3 locations. Average and comment on 
compliance. 
5. Measure specimen length. Comment on compliance. 
6. Move the outer static roller supports to an appropriate spacing that will 
comply with your given specimen length and ASTM D2344. 
7. Place the SBS sample into the fixture ensuring it is resting equally on the 
static rollers. 
8. Slowly move the top fixture down until it is touching the sample surface. 
9. Balance load and extension. 
10. Start Test. 
a. Ensure that the preloading condition of 30 N is active to ensure no 
excessive data recording.  
11. Once failed stop the test, remove sample from the fixture, record failure load 
and return fixture to original position. 




Appendix D: Linear Regression Analysis 
Reference Linear Regression Equation R2 Correlation 
C-OH Data 
[106] y= -1.4275 x + 105.33 0.8466 Strong 
[112] y= 1.7128 x + 15.383 0.7335 Strong 
[108] y= 0.2663 x + 72.452 0.0636 Moderate 
[124] y= -0.9324 x + 97.875 0.1058 None 
[132] y=- 2.0055 x + 141.99 0.8963 Very Strong 
Overall y= 2.2405 x + 32.895 0.4884 Weak 
C=O Analysis 
[106] y= 1.5508 x + 66.191 0.9001 Very Strong 
[112] y= 1.4093 x + 20.455 0.3652 None 
[108] y= 0.5977 x + 65.873 0.6576 Moderate 
[124] y= -0.7072 x + 90.832 0.2109 None 
[132] y= 1.5328 x + 58.345 0.881 Strong 
Overall y= 2.7223 x + 36.256 0.5412 Weak 
COOH 
[106] y= 2.1929 x + 67.144 0.8022 Strong 
[112] y= 0.8817 x + 22.037 0.3123 None 
[108] y= 1.5299 x + 65.475 0.1519 None 
[124] y= 1.1524 x + 65.717 0.8999 Very Strong 
[132] y= 1.5144 x + 69.579 0.9177 Very Strong 
Overall y= 0.384 x + 4.2328 0.4206 Weak 
O1/C1 Ratio 
[106] y= 102.37 x + 70.711 0.6617 Moderate 
[112] y= 28.289 x + 20.754 0.7629 Strong 
[107] y= 88.252 x + 22.942 0.9741 Very Strong 
[132] y= 48.263 x + 71.193 0.9054 Very Strong 
Overall y= 48.402 x + 47.674 0.0422 None 
Roughness 
[112] y= 1.2536 x + 23.707 0.0331 None 
[107] y= 0.3234 x + 20.972 0.9558 Very Strong 
[90] y= 0.3083 x + 33.556 0.2563 None 
Polar 
[107] y= 0.9404 x + 14.954 0.9436 Very Strong 
[132] y= 3.6926 x - 69.009 0.9692 Very Strong 
[47] y= -1.6774 x + 109.63 0.7624 Strong 
Dispersive 
[107] y= 10.741 x - 67.035 0.949 Very Strong 
[132] y= 2.5769 x + 71.488 0.9486 Very Strong 
[47] y= 0.9705 x+ 59.058 0.1749 None 
Polarity 
[107] y= 2.1952  x - 118.77 0.9005 Very Strong 
[132] y= -1.4128 x + 211.01 0.9349 Very Strong 
[47] y= -0.8264 x + 110.98 0.6815 Moderate 
Total 
[107] y= 0.8682 x + 8.1956 0.9479 Very Strong 
[132] y= 1.5798 x + 10.795 0.9962 Very Strong 
[47] y= -1.7223 x + 170.74 0.4724 Weak 




Figure D1: Linear regression comparisons between C-OH content (percentage of overall fiber surface 
composition) and IFSS (MPa). 
 
Figure D2: Linear regression comparisons between C=O content (percentage of overall fiber surface 
composition) and IFSS (MPa). 
 
Figure D3: Linear regression comparisons between COOH content (percentage of overall fiber surface 




Figure D4: Linear regression comparisons O1/C1 ratio and IFSS (MPa). 
 
Figure D5: Linear regression comparison of surface roughness – Ra (nm) and IFSS (MPa) 
 
Figure D6: Linear regression comparisons of polar surface energy, (mJ/m2) and IFSS (MPa). 
 




Figure D8: Linear regression comparisons of total free surface energy (mJ/m2) and IFSS (MPa). 
 
Figure D9: Linear regression comparisons of fiber surface polarity (%) and IFSS (MPa). 
 
 
Ref. IFSS Polar Dispersive Total Polarity % 
[107] 
36.7 23.2 9.5 32.7 70.95 
41.4 27.3 10.3 37.6 72.61 
49.6 40.1 11 51.1 78.47 
58.5 43.8 11.5 55.3 79.20 
[132] 
77.5 39.8 2.4 42.2 94.31 
91 43.6 6.9 50.5 86.34 
89 42.4 7.4 49.8 85.14 
[47] 
98 9.13 31.17 40.3 22.66 
103 5.44 39.71 45.15 12.05 
82 16.58 32.71 49.29 33.64 
90 7.9 37.33 45.23 17.47 
[89] 
104.29 - - 64.78 - 
95.08 - - 55.51 - 
72.82 - - 53.27 - 
67.67 - - 32.28 - 
Table D2: Table of IFSS and comparing polar, dispersive and total surface energies to IFSS. 
 




71 21.84 4.13 2.73 0.03 
87 11.91 15.45 6.9 0.11 
88 12.73 13.04 8.82 0.14 
87 11.98 12.52 10.46 0.16 
83 18.53 9.7 7.7 0.17 
[112] 
21 4.32 2.48 3.24 0.06 
27 5.61 2.65 3.29 0.14 
26.5 6.05 5.27 3.05 0.21 
28.6 8.29 4.7 7.38 0.3 
[108] 
74.5 18.1 17.6 7.4 - 
80.9 19.1 25.1 7.9 - 
78.2 23.8 17.5 9 - 
[107] 
36.7 - - - 0.14 
41.4 - - - 0.23 
49.6 - - - 0.31 
58.5 - - - 0.39 
[124] 
74.5 18.1 17.61 7.4 - 
85.3 19.11 13.06 15.33 - 
80.1 18.61 9.35 14.3 - 
85.5 15.07 13.61 17.23 - 
[132] 
77.5 31.9 12.9 5.5 0.14 
91 26.7 19.5 12.6 0.36 
89 25.4 21.4 14.1 0.41 
[134] 
24.9 - - - 0.09 
40.8 - - - 0.13 
Table D3: Table of IFSS compared to oxygen contacting functional groups and O1/C1 ratio. 
 














Table D4: Tables of IFSS comparing IFSS and fiber surface roughness. 
 
 
 
 
 
 
 
 
 
